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Introduction: Infants delivered from preeclamptic pregnancies frequently exhibit developmental programming which leads to foetal
growth restriction and foetal haematological abnormalities. Diabetes is recognised as a predisposing factor for preeclampsia (PE).
Hyperglycaemia, a characteristic feature of pregestational type 2 diabetes, has been associated with the pathogenesis of intrauterine
growth restriction (IUGR), a condition associated with disrupted foetal haematological pathways. Prediabetes pre-empts the onset of
type 2 diabetes and is characterised by moderately elevated blood glucose levels, which have been shown in prediabetic models to
induce erythrocyte dysfunction. However, the precise relationship between prediabetes and the development of preeclampsia or
associated foetal complications remains to be fully elucidated. Accordingly, this study aims to investigate prediabetes as a risk factor
for preeclampsia and its effects on selected haematological markers in Sprague Dawley rat pups.

Methods and Materials: Male and female pups born from normal, L-NAME preeclamptic and HFHC diet-induced prediabetic dams
were immediately collected and weighed. The pups were then carefully returned to the dams for further development. On day 21, the
pups were weaned and separated into males and females. Thereafter, the pups were sacrificed using a guillotine and blood and plasma
was collected for haematological and biochemical analysis.

Results: Pups born from prediabetic and preeclamptic dams exhibited significantly lower birth weights than those born from normal
pregnancies. Moreover, pups born from prediabetic and preeclamptic dams exhibited dysregulation of red blood cell (RBC) count,
granulocyte colony-stimulating factor (G-CSF), erythropoietin (EPO) levels, glutathione peroxidase (GPx) and malondialdehyde
(MDA) concentrations compared to those delivered from normal dams.

Conclusion: These findings suggest prediabetes caused dysregulation of haematological parameters in offspring and may be
a predisposing factor for the development of preeclampsia in pregnancy. Therefore, strict monitoring of prediabetes during pregnancy
may reduce the risk of preeclampsia and resultant foetal morbidity and mortality.
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Introduction

The development of the foetal blood cell lineage begins in the very first week of embryonic life." Blood cells are an
essential component of maternofoetal circulation, with red blood cells playing a critical role in oxygen delivery to foetal
tissues.! The failure of foetal blood cellular development, maturation, and function can result in disastrous consequences
for both the mother and child.' Preeclampsia (PE) is a complex hypertensive disorder characterised by the development
of de novo hypertension (140/90mmHg), proteinuria (300 mg/day), and oedema.”> PE is linked with oxidative stress,
inflammation, and endothelial dysfunction, which mirrors the aetiology of diabetes.” According to the World Health
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Organization (WHO), even with the provision of high-level tertiary care, hypertensive disorders of pregnancy or
preeclamptic-eclamptic syndromes with underlying diabetic disorders are the primary causes of pregnancy-related
maternal and infant deaths.”* Moreover, studies show that neonates born from preeclamptic women or women with
diabetes are more susceptible to incur haematological permutations and this is further worsened when these disorders co-
exist.” In normal pregnancy, haematological pathways like erythropoiesis, leukopoiesis, and thrombopoiesis are narrowly
regulated to ensure the proper growth of the foetus.** However, in PE and diabetic pregnancies such as gestational
diabetes mellitus (GDM) and pregestational diabetes, aberrant changes occur in foetal haematological pathways resulting
in haematological derangements.’

Similar to PE, diabetic pregnancies cause intrauterine growth restriction (IUGR), which is implicated in the
dysregulation of foetal haematological pathways leading to erythrocytosis via increased erythropoiesis (EPO) production,
increased nucleated red blood cell (nRBC) production, increased mean cell volume (MCV), mean corpuscular haemo-
globin (MCH), mean corpuscular haemoglobin (MCHC) and increased haemoglobin (Hgb) concentrations.® Furthermore,
IUGR has also been shown to cause complications which alter the production of mature myeloblasts via the dysregula-
tion of granulocyte colony-stimulating factor (G-CSF) leading to leukocyte derangements such as neutropenia and
platelet complications. These aberrant changes are not well elucidated; however, the literature implicates placental
hypoxia observed during PE and pregestational diabetic pregnancies as the main cause.”*®

Placental hypoxia increases reactive oxygen species (ROS) which cause oxidative stress decreased proangiogenic
factors as well as increases the unvetted release of inflammatory mediators.® These constituents cross the maternopla-
cental environment during critical stages of embryonic development resulting in a plethora of complications.® ROS and
inflammatory mediators aid in foetal growth restriction which results in low infant birth weight and has been shown in
the literature to negatively affect haematological pathways as it is directly linked to infant developmental milestones.’
Studies on haematological complications have been done in preeclamptic and pregestational type 2 diabetic pregnancies.’
However, limited research is available on the effects of pregestational prediabetes on foetal growth and development,
specifically looking at its effects on haematological indices and how these changes relate to preeclampsia, such as
prediabetes like type 2 diabetes, which may be a risk factor for PE.’

Prediabetes is a state where blood glucose concentrations are above the normal range but are not high enough to be
classified as type 2 diabetes (T2D) mellitus.'® Prediabetes precedes T2D and is characterised by hyperglycaemia and
insulin resistance resulting from the consumption of high carbohydrate and saturated fatty acid-based diets.'® In our
laboratory, a high-fat high carbohydrate (HFHC) diet-induced prediabetic animal model has been established in female
animals and its effects on glucose handling have been investigated.' However, high-fat high carbohydrate (HFHC) diet-
induced prediabetes as a risk factor for preeclampsia and its effect on haematological foetal outcomes are yet to be
established.!" Therefore, the aim of this study is to investigate the effects of HFHC diet-induced prediabetes in relation to
preeclampsia and the resulting adverse haematological outcomes in offspring-born female Sprague Dawley rats.

Materials and Methods

Drugs and Chemicals

All chemicals and reagents were sourced from standard pharmaceutical suppliers and were of analytical grade, including
isofor (Safeline Pharmaceuticals (Pty) Ltd., Roodepoort, South Africa), liquid nitrogen (Chemistry Department UKZN,
Westville, South Africa), ELISA kits (Elabscience, Mzansi Medical Laboratories, South Africa), metformin, phosphoric
acid (Sigma, Durban, South Africa) thiobarbituric acid (Sigma, Durban, South Africa), hydrochloric acid (Sigma,
Durban, South Africa), and butanol (Sigma, Durban, South Africa).

Animals and Induction of Prediabetes Mellitus

Animals

Female Sprague-Dawley rats (150—180g), which will be used for breeding, were housed in the Biomedical Research Unit
of the University of KwaZulu-Natal and were used in the study. All animal procedures and housing conditions were
approved by the Animal Research Ethics Committee of the University of KwaZulu-Natal, which conforms to the
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principles and guidelines of the Canadian Council on Animal Care. The Animal Research Ethics Committee of the
University of of KwaZulu-Natal (AREC/032/020D) thoroughly assessed and granted approval for the conduct of animal
experimentation.

Induction of Prediabetes

Experimental prediabetes was induced in the animals by using a previously described protocol by.'® The experi-
mental animals will be exposed to a HCHF diet and 15% fructose in drinking water for 20 weeks. The control
group will give standard chow for 20 weeks. The World Health Organisation criteria will be used for the diagnosis
of prediabetes. Pre-diabetic symptoms including fasting blood glucose concentration of 6.1-7.1mmol/L, oral
glucose tolerance test, two-hour glucose concentration of 7.1-8.1mmol/L and plasma triglycerides concentration
of greater than 2 mmol/L. will be considered pre-diabetic. Blood samples will be collected from the tail vein
through the tail prick method and the blood glucose concentration levels will be measured using the Elite
glucometer.

HFHC Diet

The high-fat high-carbohydrate diet (AVI food in Amanzimtoti, South Africa) is going to be formulated based on
carbohydrate (55% Kcal/g), fats (30% Kcal/g), and protein (15% Kcal/g) composition.'® The drinking water of the
experimental animals is going to be supplemented with 15% fructose. Procedures involving animal care will be
conducted in conformity with the institutional guidelines for animal care of the University of KwaZulu-Natal.

Mating

Female Sprague-Dawley rats will be mated with males of the same strain. Briefly, two females will be housed in one cage
to allow their oestrus cycle to become synchronised. The ovarian cycle of rats is between four to five days long. Daily
vaginal smears will be taken using the pipette smear technique and when the female rats are in the pro-estrus stage of
their cycle a male rat will be introduced into the cage. The following day, vaginal smears will be taken from the female
rats and the presence of sperm will indicate successful mating and pregnancy will be confirmed by looking at cytology.
The male rats will then be removed from the cage and male rats will be returned to the BRU. The day of fertilisation will
be regarded as Gestational Day (GND) 0.

Induction of Preeclampsia

After pregnancy is confirmed by the visualisation of spermatozoa in a vaginal smear, the pregnant dams will be
randomly divided into one rat per cage, which will be given 0.3g/L a day of L-NAME in drinking water from day 14.5
to day 20.5 of gestation and then blood pressure will be measured and the presence or absence of protein in the urine
will be assessed. Preeclampsia will be confirmed by the measure of blood pressure which will be monitored every
third day after administration. Animals presenting with a MAP of 140/90 mmHg and proteinuria of 300mg/day will be
considered preeclamptic. The animals will be given ad libitum access to the drinking water containing L-NAME.
Blood will be monitored using a non-invasive tail-cuff method with photoelectric sensors (IITC Model 31
Computerised Blood Pressure Monitor, Life Sciences, Woodland Hills, California, USA). Blood pressure will be
measured on GND 0, 12, and 19. Urine samples will be collected over the night using metabolic cages on GND 0, 12,
and 19.

Male and Female Pups Were Collected for the Study

Male and female pups born from normal, L-NAME preeclamptic® and HFHC diet-induced prediabetic'’ dams were
immediately collected and weighed. The pups were then carefully returned to the dams and were placed in Makrolon
polycarbonate cages and were given access to food and water. The animals were kept with their mothers for a period of
21 days under standard laboratory conditions (for temperature and humidity) in a 12hr day and 12hr night cycle. At day
21 the pups were sacrificed for terminal studies.
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Study Design

The effect of prediabetes on haematological function was investigated, the pups were separated into the following groups,
Group 1: Male and female pups born from normal pregnant control rats (NCON) which received normal standard chow
and normal drinking water throughout the study (n = 12/group); Group 2: Male and female pups born from PD pregnant
rats which received the HCHF diet+ 15% fructose throughout the study (n = 12/group); Group3: Male and female pups
born from PE pregnant control rats which received normal standard chow (n = 12/group). The pups were immediately
weighed after birth and then returned to the dams for further development. On postnatal day 21, animals were weaned
and divided into pups born from normal control dams (PCON), pups born from preeclamptic dams (PPE), and pups born
from prediabetic dams (PPD) (n=12/group).

Terminal Studies

Thereafter, the guillotine was used to decapitate pups for blood collection into EDTA tubes (Eppendorf centrifuge 5403,
Germany) that were centrifuged at 4 °C, 503g for 15 minutes. The plasma was collected for red blood cell parameters,
erythropoietin (EPO), Granulocyte Colony-stimulating factor analysis, (G-CSF), malondialdehyde (MDA), superoxide
dismutase (SOD) and glutathione peroxidase (GPx) measurement.

Haematological Analysis

The erythrocyte markers namely, red blood cell count (RBC Count), haemoglobin (Hgb), mean cell volume (MCV),
mean corpuscular haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC) and red blood cell
distribution width (RDW) were measured together with the white blood cell and neutrophil counts Coulter AceT 5diff
CP, USA).

Biochemical Analysis

Plasma EPO, G-CSF, SOD and GPx Analysis

Rat specific plasma EPO, G-CSF, SOD and GPx ELISA kits (Elabscience and Biotechnology, WuHan) were used
following manufacturer’s instruction. Briefly, 100uL of standard or sample was added to the wells and incubated for
90 min at 37°C. The liquid was discarded, and 100pL of Biotinylated Detection Ab working solution was added to each
well and incubated for 60 min at 37°C. Thereafter the plate was aspirated and washed 3 times. 100pL HRP conjugate
working solution was added then the plate was incubated for 30 min at 37°C. The plate was then aspirated and washed 5
times. 90uL of Substrate Reagent was added and the plate was incubated for 15 min at 37°C. After-which 50uL of Stop
Solution was added and the plate was read at 450nm immediately for the calculation of the results.

Malondialdehyde Measurement

Malondialdehyde was measured using an established protocol.'” Plasma was centrifuged at 400 g for 10 min. Thereafter,
400 mL of the plasma was supplemented with 400 mL 2% phosphoric acid and then separated into two glass tubes, each
receiving equal volumes of the solution. Subsequently, 200 mL of 7% phosphoric acid was added into both glass tubes
followed by the addition of 400 mL of thiobarbituric acid (TBA)/butylated hydroxytoluene (BHT) into one glass tube
(sample test) and 400 mL of 3 mm hydrochloric acid (HCI) into the second glass tube (blank). To ensure an acidic pH of
1.5, 200 mL of 1M HCI was added to sample and blank test tubes. Both solutions were heated at 100 »C for 15 min and
allowed to cool to room temperature. Butanol (1.5 mL) was added to the cooled solution; the sample was vortexed for
1 min to ensure rigorous mixing and allowed to settle until two phases could be distinguished. The butanol phase (top
layer) was transferred to Eppendorf tubes and centrifuged at 13,200 g for 6 min. The samples were aliquoted into a 96-
well microtiter plate in triplicate and the absorbance was read at 532 nm (reference 600 nm) on a BioTek mQuant
spectrophotometer (Biotek, Johannesburg, South Africa). The absorbance from these wavelengths was used to calculate
the concentration of MDA using Beer’s Law:

Concentration of MDA = Average Absorbance Absorption/coefficient(156 nm)
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Statistical Analysis

All data were expressed as means =+ standard error of means (SEM). A normality test was conducted after which the data
was analysed using GraphPad Prism InStat Software (version 9.00, GraphPad Software, San Diego, California, USA).
The terminal parameters were analysed using a one-way analysis of variance (ANOVA) followed by a Tukey Kramer
post hoc test to determine the statistical differences between the control and experimental groups. Values of p<0.05 were
considered statistically significant.

Results

Pup Birth Weights

Figure 1 shows the birth weights of pups born from normal control dams (PCON), L-NAME-induced preeclamptic dams
(PPE), and dams induced with prediabetes (PPD) at the end of the study. The pups born from preeclamptic dams and
prediabetic dams showed significantly (p < 0.05) lower birth weights in comparison to the pups born from normal dams.
However, pups born from preeclamptic dams showed no significant change, but a slight decrease in birth weight when
compared to pups born from prediabetes-induced animals.

Red Blood Cell Count (RBC) of Pups
Figure 2 shows the red blood cell count (RBC) of pups born from normal control dams (PCON), L-NAME induced
preeclamptic dam (PPE), and dams induced with prediabetes (PPD) at the end of the study. The pups born from
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Figure | Shows the birth weights of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are presented as means and standard
error of means (SEM). *p < 0.05 by comparison with PCON and ’p < 0.05 by comparison with PPE.
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Figure 2 Shows the red blood cell counts of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are presented as means and
standard error of means (SEM). *p < 0.05 by comparison with PCON and “p < 0.05 by comparison with PPE.
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Figure 3 Shows the haemoglobin (Hgb) of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are presented as means and
standard error of means (SEM). *p < 0.05 by comparison with PCON and “p < 0.05 by comparison with PPE.

preeclamptic dams and prediabetic rats showed significantly (p < 0.05) increased RBC in comparison to the pups born
from normal dams. As anticipated, pups born from preeclamptic dams showed significantly (p < 0.05) decreased RBC
when compared to pups born from prediabetes-induced animals. Moreover, there was no significant change in the RBC
of the male and female pups.

Haemoglobin (Hgb) Concentration of Pups

Figure 3 shows the haemoglobin (Hgb) of pups born from normal control dams (PCON), L-NAME-induced preeclamptic
dam (PPE), and dams induced with prediabetes (PPD) at the end of the study. The pups born from preeclamptic dams and
prediabetic dams showed significantly (p < 0.05) increased Hgb in comparison to pups born from normal dams. As
expected, pups born from preeclamptic dams showed significantly (p < 0.05) decreased Hgb when compared to pups born
from prediabetes-induced animals.

Red Blood Cell Parameters of Pups

Table 1 shows the red blood cell indices of pups born from normal control dams (PCON), L-NAME-induced pre-
eclamptic dams (PPE), and dams induced with prediabetes (PPD). The pups born from preeclamptic dams showed
a significant increase in the mean cell volume (MCV) and a decrease in (RDW) levels in comparison to the normal
control animals. However, no significant changes were observed in the mean corpuscular haemoglobin (MCH) and mean
corpuscular haemoglobin concentration (MCHC) concentrations. Furthermore, the pups born from prediabetic dams
showed a significant (p < 0.05) decrease in MCV, MCH, and MCHC levels as well as a significant (p < 0.05) increase in
RDW in comparison to the pups born from normal dams. Interestingly, pups born from preeclamptic dams showed
significantly (p < 0.05) increased MCV, MCH, MCHC, and RDW levels when compared to pups born from prediabetic

animals.

Table | Red Blood Cell Parameters of Pups

Parameters Measured | PCON-M PPE-M PPD-M PCON-F PPE-F PPD-F

MCV (FL) 77.02 + 151 | 82.33 + 0.47* | 73.78 £ 2.48"“ | 73.50 + 1.00 | 75.75 + 0.50* | 69.00 + 2.00"
MCH (PG) 2540 + 0.42 | 26.03 + 1.33* | 21.45 £ 041" | 2545  |.18 | 26.20 + 0.23* | 17.65 + 0.53™
MCHC (G/DL) 3248 + 046 | 32.33 + 2.46* | 29.78 + 0.22°% | 3590 + 1.63 | 35.98 + 0.48 | 33.03 + 0.29""
RDW (FL) I1.15 +0.94 | 13.80 + 0.29% | 12.13 + 0.32°* | 9.65 + 0.39 11.48 £ 0.26* | 10.68 + 0.88™*

Notes: MCV, MCH, MCHC, and RDW of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are
presented as means and standard error of means (SEM). *p < 0.05 by comparison with PCON and “p < 0.05 by comparison with PPE.
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Table 2 White Blood Cell (WBC), Neutrophil (NE), and Platelet (PLT) Counts of Pups

Parameters Measured | PCON-M PPE-M PPD-M PCON-F PPE-F PPD-F

WBC (10°/L) 1.95 £ 0.64 1.40 + 0.37* 406 + 129" 1.15 £ 0.54 1.53 + 1.45% 405 + 0.86™*
NE (%) 22.53 + 5.07 18.05 £ 5.15% 17.43 + 485" 23.83 £ 7.39 19.35 + 3.10% 15.33 + 2.27"¢
PLT 153.50+36.04 | 122.3 + 36.57* | 320.5 + 182.8"" | 86.50 + 24.37 | 183.5 + 176.60* | 224.8 + 130.20""

Notes: WBC, NE, and PLT of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are presented as means and
standard error of means (SEM). *p < 0.05 by comparison with PCON and “p < 0.05 by comparison with PPE.

White Blood Cell (WBC), Neutrophil (NE), and Platelet (PLT) Counts of Pups

Table 2 shows the white blood cell (WBC), neutrophil (NE), and platelet counts (PLT) of pups born from normal control
dams (PCON), L-NAME-induced preeclamptic dams (PPE) and dams induced with prediabetes (PPD). The pups born
from preeclamptic dams and dams induced with prediabetes showed significantly (p < 0.05) decreased and increased
WBC, respectively, as well as decreased and increased NE levels in comparison to the pups born from normal dams.
Furthermore, the PLT of pups born from preeclamptic and prediabetic dams was significantly increased compared to pups
born from normal dams. Interestingly, pups born from preeclamptic dams showed significantly (p < 0.05) decreased
WBC, NE, and PLT when compared to pups born from prediabetes-induced animals.

Erythropoietin (EPO) Concentrations of Pups

Figure 4 shows the erythropoietin (EPO) of pups born from normal control dams (PCON), L-NAME-induced pre-
eclamptic dam (PPE), and dams induced with prediabetes (PPD) at the end of the study. The pups born from preeclamptic
dams and dams induced with prediabetes showed significantly (p < 0.05) increased EPO in comparison to the pups born
from normal dams. As anticipated, pups born from preeclamptic dams showed significantly (p < 0.05) decreased EPO

when compared to pups born from prediabetes-induced animals.

Granulocyte Colony-Stimulating Factor (G-CSF) Concentrations of Pups

Figure 5 shows the granulocyte colony-stimulating factor (G-CSF) of pups born from normal control dams (PCON),
L-NAME-induced preeclamptic dam (PPE), and dams induced with prediabetes (PPD) at the end of the study. The pups
born from preeclamptic dams and dams induced with prediabetes showed significantly (p < 0.05) decreased G-CSF in
comparison to the pups born from normal dams. As anticipated, pups born from preeclamptic dams showed significantly
(p < 0.05) increased G-CSF when compared to pups born from prediabetes-induced animals.

50 | |

PCON-M
40- * 1 PPE-M
=
g * % 1 PPD-M
£E 307 é . == PCON-F
£3 = I PPE-F
E) ~ 20+
k2 1 PPD-F
104

0 | | I I I I I

Groups

Figure 4 Shows the erythropoietin (EPO) of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are presented as means and
standard error of means (SEM). *p < 0.05 by comparison with PCON and “p < 0.05 by comparison with PPE.
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Figure 5 Shows the granulocyte colony-stimulating factor (G-CSF) of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are
presented as means and standard error of means (SEM). *p < 0.05 by comparison with PCON and “p < 0.05 by comparison with PPE.

Malondialdehyde (MDA) Concentrations of Pups

Figure 6 shows the malondialdehyde (MDA) of pups born from normal control dams (PCON), L-NAME-induced
preeclamptic dam (PPE), and dams induced with prediabetes (PPD) at the end of the study. The pups born from
preeclamptic dams and prediabetic dams showed significantly (p < 0.05) increased MDA in comparison to the pups
born from normal dams. As anticipated, pups born from preeclamptic dams showed significantly (p < 0.05) decreased
MDA when compared to pups born from prediabetes-induced animals.

Superoxide Dismutase (SOD) Concentrations of Pups

Figure 7 shows the superoxide dismutase (SOD) of pups born from normal control dams (PCON), L-NAME-induced
preeclamptic dam (PPE), and dams induced with prediabetes (PPD) at the end of the study. The pups born from
preeclamptic dams and prediabetic dams showed significantly (p < 0.05) decreased SOD in comparison to the pups
born from normal dams. Pups born from preeclamptic dams showed slightly increased SOD concentrations when

compared to pups born from prediabetes-induced animals.
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Figure 6 Shows the malondialdehyde (MDA) of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are presented as means
and standard error of means (SEM). *p < 0.05 by comparison with PCON and °p < 0.05 by comparison with PPE.
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Figure 7 Shows the superoxide dismutase (SOD) of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are presented as
means and standard error of means (SEM). *p < 0.05 by comparison with PCON.
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Figure 8 Shows the glutathione peroxidase (GPx) of pups born from normal control (PCON), preeclamptic (PPE), and prediabetic dams (PPD). Values are presented as
means and standard error of means (SEM). *p < 0.05 by comparison with PCON.

Glutathione Peroxidase (GPx) Concentrations of Pups

Figure 8 Glutathione Peroxidase (GPx) of pups born from normal control dams (PCON), L-NAME-induced preeclamptic
dam (PPE), and dams induced with prediabetes (PPD) at the end of the study. The pups born from preeclamptic dams and
prediabetic dams showed significantly (p < 0.05) decreased GPx in comparison to pups born from normal dams. Pups
born from preeclamptic dams showed slightly increased GPx concentrations when compared to pups born from
prediabetes-induced animals.

Discussion

During pregnancy, various maternal adaptations occur which modify biological systems to benefit the mother and child.'?
These adaptations alter respiration, metabolism, and cardiovascular systems to maintain a healthy balance between the
mother and the foetus, not hindering foetal growth and development.'® The placenta is the main organ through which
foetal oxygenation, nutrition, and immunity are achieved.'® It is a critical functional unit of pregnancy that ensures the
well-being of the mother and fetus.'* Therefore, it is imperative for maternal adaptations which favour proper placental
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development to occur.'” These adaptations are critical in pregnancy-related systems as well as in vascular modulation
that affects foetal perfusion.'®!” Adequate foetal perfusion plays a critical role in haematological pathways, mainly
erythropoiesis, leukopoiesis, and thrombopoiesis, which are essential for foetal survival into adulthood.'®!'? Furthermore,
abnormal placental perfusion has been positively correlated with low infant birth weight.>® Placental hypoxia results in
restricted oxygen and nutrient supply, altering foetal metabolism and growth resulting in low infant birth weight and
intrauterine growth restriction (IUGR).*° TUGR has major effects on the developmental programming and haematological
pathways and blood cellular components.*°

Studies have shown that in pregnancy, infant birth weights are strictly monitored as a predictor for infant develop-
mental milestones, as infant birth weights give insight to the health and developmental of the infant from neonatal age
until adulthood.??! Infants born from pregnancies where preeclampsia and pregestational diabetes, like T2D, are
reported have been shown to exhibit low infant birth weights.?'** Low birth weights are a significant risk factor for
poor foetal health outcomes in short- and long-term development.”*** In the present study, Figure 1 displays the infant
birth weights of both male and female preeclamptic pups (PPE) and prediabetic pups (PPD). The birth weights of the
PPE and PPD groups were significantly lower than the offspring born from the control group. Furthermore, there was
a significant increase in the infant birth weight of offspring born in the PPE group compared with the PPD group.?>*
This aligns with the existing literature suggesting that prenatal hypoxia in pregestational and preeclamptic pregnancies
leads to IUGR which causes low birth weights.

The present study also divulges how PPD follows the same birth weight trend as other pregestational pregnancies.
Although the mechanisms are not well elucidated, it is assumed that prenatal hypoxia impedes foetal growth via placental
insufficiency, which impairs foetal oxygenation and nutrition.””*® This is because, in healthy pregnancies, maternal spiral
artery remodelling occurs via cytotrophoblast invasion.?’*° This process involves the conversion of the maternal spiral
arteries, which are initially narrow and resistant vessels, into wider and more accommodating vessels which are capable
of providing adequate placental perfusion to sustain foetal growth via oxygenation and nutrition.*'**> We speculate that in
PPE, T2D as well as in the PPD group, the invasion of cytotrophoblast into the maternal spiral artery is unsuccessful.*?
This leads to placental insufficiency resulting in foetal hypoxia and lowers both oxygenation and nutrition of the fetus
resulting in lower birth weight and IUGR.* Furthermore, the lower infant birth weight observed in the PPD group
compared to the PE can be attributed to hyperglycemia added insult which causes placentomegaly and increases the
severity of [IUGR in pregestational pregnancies.>>° Moreover, the significantly higher birth weight observed in the male
compared to the female group was attributed to inherent physiological and genetic differences and did not indicate more
severe foetal outcomes in females.?”>® Rather, studies show that females tend to experience better health outcomes, and
this is largely due to the influence of sexual hormones such as oestrogen, which confer cellular protection.*”*°

Moreover, low birth weight and [UGR due to prenatal hypoxia have also been implicated in the disruption of foetal
blood cellular development in which erythrocyte production is altered.*' ™ For effective maternofoetal oxygen transport
to occur, foetal erythroid cells are formed by the embryo in the first week of gestation.**** Once matured, these
erythrocytes play an imperative role in ensuring oxygen delivery to the newborn during gestation and postpartum.'*'?
Erythrocyte markers such as RBC, Hgb, MCV, MCH, MCHC, and RDW denote the maturity and health of erythrocytes
and are regulated within a narrow range.'**® Deviations from this range can have detrimental effects on erythrocyte
structure and function.®>*’ In this study, Figures 2 and 3 show significantly elevated RBC and Hgb concentrations in PPE
and PPD compared to normal control offspring. There was also a significant decrease in the RBC and Hgb levels of the
PPE group in comparison to the PPD group. We speculate that changes in RBC, MCH, MCHC, and Hgb concentrations
are a result of the prenatal hypoxia observed in the mothers of PPE and PPD.*® Hypoxia significantly increases
erythropoietin (EPO) in PPE and PPD offspring in comparison to normal controls (Figure 4).**°° This causes the rate
of erythropoiesis in the liver and bone marrow of the foetus to surge, which expands the red cell mass resulting in
elevated nucleated red blood cells/erythroblasts and thus increases RBC MCH, MCHC and Hgb levels.*>>* Moreover,
the higher RBC and Hgb levels in the PPD group compared to the PPE group are a result of hyperglycemia which causes
foetal polycythemia by stimulating excess erythropoietin production in the fetus.*”>® The elevated blood glucose
concentration increases foetal blood viscosity and reduces blood flow, which can further contribute to the development
of polycythemia.>® Also, the observed disparities in RBC and Hgb levels between male and female offspring are due to
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inherent differences between the two sexes.’® The main difference was significantly higher testosterone levels in males,
which have been shown to stimulate erythropoiesis increasing erythrocyte production.*®

Oxidative stress is important in pregnancy for foetal blood cell production because it plays a critical role in the
development of the foetal circulatory system. During pregnancy, the foetal blood cell production is a highly dynamic and
complex process that requires a delicate balance of reactive oxygen species (ROS) and antioxidant defenses. However,
excessive oxidative stress during pregnancy can have detrimental effects on foetal blood cell production. It can lead to
the destruction of red blood cells and impair the development of the circulatory system, resulting in conditions such as
fetal anaemia or intrauterine growth restriction. Therefore, maintaining a balance of oxidative stress is crucial for
ensuring optimal foetal blood cell production and overall development.®® In this study, Figures 6-8 show changes in
the antioxidant profile with elevated malondialdehyde (MDA) levels and decreased antioxidant enzymes superoxide
dismutase (SOD) and glutathione peroxidase (GPx) observed in PPE and PPD groups in comparison to normal control.
Furthermore, an increase in MDA is accompanied by further decreased antioxidant enzyme levels in PPD compared to
the PPE group. This is due to prenatal hypoxia which favours reactive oxygen species (ROS) production overwhelming
the antioxidant capacity.’® ROS such as peroxide (0*") and hydrogen peroxide (H*0?) cross the placenta and oxidatively
modify antioxidant enzymes, superoxide dismutase (SOD) and glutathione peroxidase (GPx), which decrease their
availability in foetal circulation.”’ ROS also induce DNA damage to erythroid progenitor cells leading to cell cycle
arrest and increased immature erythroblast/ nucleated red blood cells (nRBC) in the circulation.’>>* Moreover, the
antioxidant levels in the female offspring were higher than in the male offspring in all groups. This is due to the role of
the sexual hormone estrogen in the form of 17 beta-estradiol, which influences the production of manganese superoxide
dismutase (MnSOD) and extracellular superoxide dismutase (ecSOD) expression and activity providing vasoprotective
effects to the female offspring.>*

Furthermore, intrauterine growth restriction (IUGR) disrupts the nutritional supply to the fetus, leading to limited
availability of essential components such as folate, vitamin B12, and iron.”> These components play a vital role in
erythrocyte production, growth, and maturation, and their deficiency results in erythrocyte structural and functional
abnormalities.’®>” Folate and vitamin B12 deficiencies lead to abnormal erythrocyte shape and size, impairing their
oxygen-carrying capacity, while iron deficiency affects haemoglobin production and erythrocyte size, resulting in
reduced circulating oxygen.”® In this study, Table 1 indicates a significant elevation in mean corpuscular volume
(MCV) and red cell distribution width (RDW) concentrations in PPE compared to the normal control group. This effect
may be due to the decreased supply of vitamin B12 and folate, leading to an increase in erythrocyte size (MCV) and size
variation (RDW) in the circulation, leading to foetal megaloblastic anaemia.’®>° Conversely, Table 1 shows significantly
decreased MCV and elevated RDW in PPD in comparison to the normal control group. This effect could be ascribed to
hyperglycemia-induced prenatal hypoxia, and IUGR which causes iron deficiency anemia, resulting in hemoconcentra-
tion, decreased erythrocyte size (MCV) and size variation in circulation (RDW).’ 960 Fyrthermore, the changes between
PPE and PPD groups in Table 1 illustrate that offspring with PPE exhibit significantly higher MCV and RDW values than
those from the PPD group. This effect can be a result of hyperglycaemia suppressing hepcidin expression. Low hepcidin
levels are an early marker for iron deficiency anaemia.®® Low hepcidin levels have been shown to indicate exhausted iron
stores, the lack of iron affects red blood cell structure and function leading to iron deficiency anaemia observed in the
PPD group.®®®' Moreover, the significantly higher MCV and RDW values observed in males in comparison to females
could be due to the influences of sexual hormones, testosterone, and oestrogen.62 Research has shown that testosterone
increases erythrocyte size and haemoglobin production, which results in higher MCV and RDW values.®*®® Whereas
oestrogen decreases erythrocyte size and increases heme production, which decreases the haemoglobin contained in each
cell leading to lower MCV and RDW values.®®

Moreover, prenatal hypoxia can induce a decrement in the production of granulocyte colony-stimulating factor (G-CSF),
which is a cytokine that holds a crucial role in the generation and differentiation of white blood cells, particularly
neutrophils.** Neutrophils are essential for fighting infections, especially in newborns as they have an immature immune
system making them more susceptible to infection.®**> In this study, Figure 5 and Table 2 show the G-CSF levels, neutrophil,
and platelet counts in the PPE and PPD groups, which exhibited lower G-CSF, neutrophil and platelet levels than the
offspring born from the control group. This could be in part due to prenatal hypoxia and IUGR that impairs foetal liver
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function, decreasing the production of GM-CSF.*> Low G-CSF levels contribute to the failure of downstream myeloid
differentiation resulting in subsequent neutropenia and thrombocytopenia.®> Moreover, there was a significant increase in the
G-CSF levels of offspring born in the PPE group in comparison to the PPD group. This could be attributed to severe or
prolonged prenatal hypoxia brought about by the hyperglycaemia observed, which causes the dysregulation of several
transcription factors and signalling pathways involved in G-CSF synthesis and secretion.®® Hyperglycaemia has been shown
to activate the nuclear factor-kappa B(NF-KB) signalling pathway, which suppresses G-CSF expression.®® ROS have also
been shown to further impair G-CSF expression by altering DNA sequences essential for G-sCSF gene expression, which
lowers G-CSF levels, therefore disrupting neutrophil and platelet differentiation.®®®’ The resulting decrease in neutrophil and
platelet counts has detrimental consequences as it leaves the foetus vulnerable to infection and at an increased risk of bleeding
or haemorrhage.®” Moreover, the G-CSF levels in the female offspring were significantly lower than in the male offspring in
all groups.®’ This is attributed to the difference in gene expression between sexes.®”*® Studies have shown that the promoter
region of the G-CSF gene has oestrogen response elements (ERE) which are specific genetic sequences that are activated by
oestrogen.®® Oestrogen binds to ERE and interferes with G-CSF transcription, subsequently decreasing the production and
secretion of G-CSF resulting in neutropenia and thrombocytopenia.®” This makes female offspring more susceptible to

immune dysfunction and haemorrhage and is further worsened by female offspring born with hyperglycaemic pregnancies.””

Conclusion

Preeclamptic and pregestational pregnancies, particularly those of T2D, have debilitating effects on both mothers and
children and pose a financial burden to the healthcare industry.”>’"”? Research on these conditions can help identify
effective prevention and treatment measures to improve outcomes for the mother and children.’® Prediabetes is
a precursor of T2D and in this study, PD has been potentiated as a risk factor for PE.”® This study has shown that
prediabetes can lead to haematological complications in both male and female offspring as supported by changes to
erythrocyte parameters, RBC, Hgb, MCV and RDW as well as changes to WBC, neutrophils and platelet counts. These
haematological complications give rise to cardiovascular disease and increase the risk of incurring infections.”*
Therefore, early screening and diagnosis of prediabetes can offer an opportunity for early intervention and prevent the
onset of type 2 diabetes, gestational diabetes mellitus, as well as preeclampsia.”> Moreover, research on therapies tailored
for both males and females is necessary due to the notable differences in hormonal profiles, metabolic rates, and other
genetic factors.”> This will eliminate gender bias in medical research and allow for safe and effective medical care.”
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