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Pregnant alpha‑1‑microglobulin 
(A1M) knockout mice exhibit 
features of kidney and placental 
damage, hemodynamic changes 
and intrauterine growth restriction
Larysa Aleksenko1*, Bo Åkerström2, Eva Hansson1, Lena Erlandsson1 & Stefan R. Hansson1,3

Alpha-1-microglobulin (A1M) is an antioxidant previously shown to be elevated in maternal blood 
during pregnancies complicated by preeclampsia and suggested to be important in the endogenous 
defense against oxidative stress. A knockout mouse model of A1M (A1Mko) was used in the present 
study to assess the importance of A1M during pregnancy in relation to the kidney, heart and placenta 
function. Systolic blood pressure (SBP) and heart rate (HR) were determined before and throughout 
gestation. The morphology of the organs was assessed by both light and electron microscopy. Gene 
expression profiles relating to vascular tone and oxidative stress were analyzed using RT-qPCR 
with validation of selected gene expression relating to vascular tone and oxidative stress response. 
Pregnant age-matched wild type mice were used as controls. In the A1Mko mice there was a 
significantly higher SBP before pregnancy that during pregnancy was significantly reduced compared 
to the control. In addition, the HR was higher both before and during pregnancy compared to the 
controls. Renal morphological abnormalities were more frequent in the A1Mko mice, and the gene 
expression profiles in the kidney and the heart showed downregulation of transcripts associated 
with vasodilation. Simultaneously, an upregulation of vasoconstrictors, blood pressure regulators, 
and genes for osmotic stress response, ion transport and reactive oxygen species (ROS) metabolism 
occurred. Fetal weight was lower in the A1Mko mice at E17.5. The vessels in the labyrinth zone of 
the placentas and the endoplasmic reticulum in the spongiotrophoblasts were collapsed. The gene 
profiles in the placenta showed downregulation of antioxidants, ROS metabolism and oxidative stress 
response genes. In conclusion, intact A1M expression is necessary for the maintenance of normal 
kidney, heart as well as placental structure and function for a normal pregnancy adaptation.
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SBP	� Systolic blood pressure
TEM	� Transmission electron microscopy
WT	� Wild type

Alpha-1-microglobulin (A1M) is a low molecular weight protective protein that is conserved among vertebrates1. 
The main source of the protein in circulation is the liver, although it is synthesized in all cells and organs includ-
ing the kidney, the skin and in the placenta during pregnancy2–4. Circulating plasma A1M is filtered through 
the glomeruli and rapidly taken up and metabolized in the proximal tubules. Alpha-1-microglobulin has several 
enzymatic properties that contribute to its physiological role as a protective antioxidant, i.e. reductase activity, 
and scavenging of heme and free radicals5–7. In addition, A1M is taken up by most cells and incorporated into 
the mitochondria by binding to Complex I of the respiratory chain8. Alpha-1-microglobulin has been shown 
to inhibit or reduce the damage caused by heme- and ROS-induced oxidative stress in several cell, organs, and 
animal models9–15. The gene expression of A1M is reported to be augmented by increased levels of ROS, heme 
and hemoglobin in the circulation16,17.

Preeclampsia (PE) and intrauterine growth restriction (IUGR) are severe pregnancy-related diseases that 
affect maternal and perinatal morbidity and mortality worldwide18,19. The etiology and pathogenesis are still not 
fully understood, but it is well established that both conditions are partially caused by a dysfunctional placenta, 
resulting in maternal endothelial damage and in severe cases also IUGR​20,21. In PE, the maternal manifestations 
include hypertension and general organ damage22. Preeclampsia is associated with an elevated oxidative stress 
load23 and it has been shown that maternal plasma A1M levels are higher in PE pregnancies with or without 
IUGR compared to healthy pregnant women24,25. By using recombinant A1M as a pharmacological treatment 
in the ex vivo human placental perfusion model13 and in different animal PE models11,12,26, we showed that 
A1M protects and restores tissue and organ function, particularly in the placenta and kidney. This suggests that 
increased levels of A1M play an important role in the endogenous defense against the oxidative stress seen in 
PE. However, the upregulation is not enough to protect the tissues and organs from the damage resulting in the 
clinical manifestations of PE.

Recently we established an A1M knockout mouse model (A1Mko)27 to enable studies on the role of A1M in 
the normal non-pregnant physiology. These mice displayed hepatic ER stress, decreased bikunin levels in the 
circulation, a tendency toward increased organ weight and an overall age-dependent obesity compared to WT.

The hemodynamic changes during pregnancy present a unique challenge to the cardiovascular system as 
the increased blood volume leads to expansion of the peripheral vascular network and increased systemic 
vasodilation28. The cardiovascular system normally adapts to the progressively expanding peripheral vascular 
network and increased blood volume by increasing the heart rate, peripheral vasodilation, stroke volume and by 
compensatory cardiac hypertrophy29,30. The blood pressure homeostasis reflects how well the adaptive mecha-
nisms are functioning.

In the present study we extended our investigation of the physiological role of A1M by examining kidney, 
heart and placenta function in pregnant A1Mko mice.

Results
Systolic blood pressure and heart rate.  The SBP was significantly higher in the non-pregnant A1Mko 
females compared to the WT (baseline difference 16.7 mmHg, 95% CI 4.0, 29.4, p = 0.0105, mixed regression 
model) (Table 1). The SBP trend in the A1Mko during pregnancy was different from that observed in the WT 
(Fig. 1a), with a significant inverse association between the SBP and gestational age in the A1Mko (slope − 3.4, 
95% CI − 6.0, − 0.8, p = 0.0109, mixed regression model), while no association was seen in the WT (slope 1.3, 
95% CI − 1.3, 4.0, p = 0.3221, mixed regression model). The slope difference between A1Mko and WT through 
gestation was statistically significant (slope difference − 4.7, 95% CI − 8.4, − 1.0, p = 0.0135, mixed regression 
model).

Table 1.   Mixed regression model referencing for SBP and HR in A1Mko and WT before and during 
pregnancy.

Variable Value estimated Estimate (95% confidence interval) P-value

SBP (mmHg)

Baseline A1Mko 152.2 (143.5; 161.0)  < 0.0001

Baseline WT 135.5 (126.3; 144.7)  < 0.0001

Baseline difference 16.7 (4.0; 29.4) 0.0105

Slope A1Mko − 3.4 (− 6.0; − 0.8) 0.0109

Slope WT 1.3 (− 1.3; 4.0) 0.3221

Slope difference − 4.7 (− 8.4; − 1.0) 0.0135

HR (bpm)

Baseline A1Mko 482.4 (425.6; 539.3)  < 0.0001

Baseline WT 359.8 (299.5; 420.2)  < 0.0001

Baseline difference 122.6 (39.4; 205.8) 0.0047

Slope A1Mko − 1.3 (− 18.0; 15.4) 0.8775

Slope WT 17.3 (− 0.2; 34.8) 0.0524

Slope difference − 18.6 (− 43.0; 5.8) 0.1310
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Similarly, the HR was significantly higher in non-pregnant A1Mko compared to WT females (baseline differ-
ence 122.6 bpm, 95% CI: 39.4, 205.8, p = 0.0047, mixed regression model). The HR did not change significantly 
in the A1Mko during pregnancy (slope − 1.3, 95% CI − 18.0, 15.4, p = 0.8775, mixed regression model) (Table 1, 
Fig. 1b), while there was a weak positive association between the HR and gestational age in the WT mice (slope 
17.3, 95% CI − 0.2, 34.8, p = 0.0524). The difference in slopes between A1Mko and WT during gestation was not 
significant (slope difference − 18.6, 95% CI − 43.0, 5.8, p = 0.1310, mixed regression model).

Changes in tissue structure and function.  Kidney.  There was a significant increase in kidney weight 
(p = 0.037, Mann–Whitney) at E17.5, but not before pregnancy or at E12.5–13.5 in the A1Mko mice compared 
to the WT (Table 2).

A statistically significant decrease in the glomerular surface area (p = 0.003, Mann–Whitney) and glomerular 
cellularity (p = 0.003, Mann–Whitney) was seen in the kidneys of the pregnant A1Mko females at E17.5 when 
compared to the controls (Table 2, Fig. 2a,b), but not before pregnancy or at E12.5–13.5.

Increased renal abnormalities were seen by light microscopy and TEM in the A1Mko mice compared to the 
WT at all three time points (Table 3, Fig. 2i,j). Focal glomerular sclerosis (p = 0.007, Fisher exact test) and tubular 

Figure 1.   Trends in SBP (a) and HR (b) in the A1Mko and the WT mice before and during gestation analyzed 
with mixed regression modeling. (a) The baseline SBP was significantly higher (p = 0.0105) combined with a 
significant inverse association between SPB and gestational age (p = 0.0109) during pregnancy in the A1Mko 
when compared to the WT. (b) There was a significantly higher (p = 0.0047) baseline HR in the A1Mko mice 
when compared to the WT. HR did not change significantly during gestation in the A1Mko mice (p = 0.878), in 
contrast to the WT where there was a positive association between HR and gestational age (p = 0.0524).

Table 2.   Morphological parameters in the A1Mko and the WT females at non-pregnant, E12.5-E13.5, and 
E17.5. Data is presented as median (minimum − maximum). Mann–Whitney test: aP = 0.037, b,c P = 0.003, 
dP = 0.034, eP = 0.045.

Parameters

A1Mko WT

Non-pregnant           
(n = 3)

E12.5–E13.5      
(n = 4)

E17.5            
(n = 6)

Non-pregnant  
(n = 4)

E12.5–E13.5 
(n = 4)

E17.5         
(n = 6)

Kidneys (mg) 313                     
(291–360) 329 (289–394) 341a (255–445) 280 (198–320) 282 (228–341) 279 (252–285)

Glomerular surface 
area (mm2) 3.2 (3.0–3.6) 3.5 (3.0–4.1) 3.2b (2.9–3.6) 4.0 (3.1–4.3) 3.7 (3.5–4.6) 4.4 (4.1–5.8)

Glomerular cell 
count 47 (42–50) 50 (41–55) 42c (34–52) 50 (49–60) 46 (41–52) 66 (53–71)

Heart (mg) 134d (125–162) 143 (113–187) 124 (104–153) 99 (91–115) 111 (93–142) 117 (92–139)

Litter size – 7 (3–8) 6 (4–10) – 7 (6–7) 7 (7–9)

Labyrinth zone 
(µm) – 68 (60–89) 68 (55–94) – 52 (44–72) 73 (55–84)

Junctional zone 
(µm) – 27 (14–30) 30 (23–42) – 28 (24–34) 23 (15–42)

Fetal/placental 
weight ratio – 2 (1–3) 6e (4–8) – 2 (1–2) 8 (7–14)
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atrophy (p = 0.026, Fisher exact test) were more common in both non-pregnant and pregnant A1Mko than in the 
WT. Interstitial scarring and tubular necrosis were only detected in the A1Mko (Table 3). Basement membrane 
thickening (Fig. 2c,d), mesangial expansion with sclerosis (Fig. 2e,f) and fusion of foot processes (Fig. 2g,h) 
were observed by TEM, to some degree before and more during pregnancy in the A1Mko, but not in the WT.

Heart.  There was significantly higher heart weight in the A1Mko before pregnancy compared to the WT 
(p = 0.034, Mann–Whitney), but no significant differences in heart weights between the A1Mko and the WT 
females were noted during pregnancy (Table 2). Light microscopy of the heart showed cellular hypertrophy in 
the A1Mko before and during pregnancy, but this difference was not significant (Table S1). There was no evi-
dence of necrosis or scarring in the myocardium (Fig. 3).

Placentas and fetuses.  There were no differences in litter sizes at the mid and late gestation between the A1Mko 
and the WT (Table 2). There was no significant difference in placental weights at E12.5–13.5 and E17.5 between 
A1Mko and WT (Fig. 4a). The fetal weight in the A1Mko was significantly lower (p = 0.028, Mann–Whitney) 
when compared to the WT at E17.5, but not at E12.5–13.5 (Fig. 4b).

The fetal/placental weight ratio was significantly lower in the A1Mko (p = 0.045, Mann–Whitney) compared 
to the WT at E17.5 (Table 2).

There was no significant difference in the width of labyrinth zone and junctional zone in the placentas of the 
A1Mko compared to the WT at E12.5–13.5 and E17.5 (Table 2).

No morphological abnormalities were noted in the placenta in the A1Mko compared to the WT by light 
microscopy, but TEM revealed areas of vascular collapse in the labyrinth zone (Fig. 5a,b) and collapsed rough 
endoplasmic reticulum (ER) in the spongiotrophoblasts (Fig. 5c–e) in the A1Mko at E17.5.

Urine and blood biochemistry.  Urinary albumin and creatinine excretion in the A1Mko at baseline and 
up to E17.5 were not significantly different compared to WT animals (Table S2). Similarly, no significant differ-
ence was found in blood urea nitrogen (BUN) between the A1Mko and the WT either before or during preg-
nancy (Table S2).

Gene profiling.  Selected gene expression in the kidney, heart and placenta during pregnancy was evaluated 
in the A1Mko and the WT females by using two different RT2 profiler PCR arrays: Mouse Hypertension and 
Mouse Oxidative stress and Antioxidant Defense.

The genes were allocated to groups according to function as shown in Table 4. These were: vasodilation, vaso-
constriction, blood pressure regulation, osmotic stress response, ion transport, ROS metabolism and oxidative 
stress response. See Table S3 for the complete list of results for all genes present on the RT2 PCR profiler arrays.

General gene expression patterns.  A general upregulation of A1Mko kidney genes compared to WT 
genes in the hypertension array was seen at both time points (Fig. 6a,b). These were mostly genes involved in 
vasoconstriction, blood pressure regulation, osmotic stress response and ion transport. The most significantly 
downregulated genes in the hypertension array in the A1Mko at E17.5 were vasodilators, in both the kidney and 
heart (Fig. 6b,c). In contrast, most genes of the Oxidative Stress Response and Antioxidant Response array were 
downregulated in the A1Mko kidney and placenta (Fig. 6d–f). These belonged mostly to the antioxidant, ROS 
metabolism and oxidative stress response categories.

Specific genes of the kidneys.  Table 4 shows a list of all significantly up- or downregulated genes, cat-
egorized in functional groups, in the A1Mko organs relative to WT. In the kidneys at E12.5–13.5, the natriuretic 
peptide type B (NPPB) a vasodilator and a marker for cardiac overload, was upregulated (+ 13.16X). In con-

Figure 2.   Microscopic analysis of the kidney: light microscopy (a,b), TEM (c–h) and summary of 
morphological abnormalities (i,j). (a) Glomerulus in the A1Mko at E17.5, PAS, 40X. There was a decrease in 
glomerular surface area (p = 0.003, Mann–Whitney) and glomerular cellularity (p = 0.003, Mann–Whitney) 
in the A1Mko compared to the WT at E17.5. (b) Glomerulus in the WT at E17.5, PAS, 40X. (c) Thickened 
basement membrane in the A1Mko at E13.5 (arrows), bar 2 µm. (d) Normal basement membrane in the WT 
(arrow) at E13.5, bar 2 µm. (e) Mesangial widening and sclerosis in the A1Mko at E17.5 (arrow), bar 2 µm. 
(f) Normal renal mesangium in the WT at E17.5 (arrow), bar 2 µm. (g) Fused foot processes in the A1Mko 
at E17.5 (arrow), bar 1 µm. (h) Normal foot processes in the WT at E17.5 (arrow), bar 1 µm. (i) Summary of 
renal light microscopy (n = 13) and ultrastructural (n = 7) morphological features in the A1Mko before and 
during pregnancy. Total count of positive cases. Focal glomerular sclerosis (p = 0.007, Fisher exact test) and 
tubular atrophy (p = 0.026, Fisher exact test) were more common in both non-pregnant and pregnant A1Mko 
than in the WT. Interstitial scarring and tubular necrosis were only detected in the A1Mko (Table 2). Basement 
membrane thickening, mesangial expansion with sclerosis and fusion of foot processes were observed by TEM, 
to some degree already before pregnancy and more during it in the A1Mko, but not in the WT. (j) Summary 
of renal light (n = 14) and ultrastructural (n = 6) morphologic features found in the WT before and during 
pregnancy. Total positive case count. BM basement membrane, FGS focal glomerular sclerosis, FPF fused 
foot processes, GC number of cell per glomerulus, GSA glomerular surface area, IS interstitial sclerosis, M 
mesangium, MS mesangial sclerosis, P podocyte, TA tubular atrophy, TBM thickening of basement membrane, 
TN tubular necrosis.

▸



5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20625  | https://doi.org/10.1038/s41598-020-77561-6

www.nature.com/scientificreports/



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20625  | https://doi.org/10.1038/s41598-020-77561-6

www.nature.com/scientificreports/

Table 3.   Light microscopy analysis and ultrastructural analysis by TEM in the A1Mko and the WT at non-
pregnant, E12.5-E13.5 and E17.5. *(n) = Positive cases counted. At least two sections per examined kidney were 
used for light microscopy and two randomly selected glomeruli per kidney for TEM.

Light microscopy 
features, number of 
cases*(n)

A1Mko WT

Non-pregnant 
(n = 3) E12.5–E13.5 (n = 4)

E17.5         
(n = 6)

Non-pregnant 
(n = 4) E12.5–E13.5 (n = 4)

E17.5        
(n = 6)

Focal glomerular 
sclerosis 3 3 4 0 0 1

Interstitial scarring 2 0 1 0 0 0

Tubular atrophy 3 3 4 1 0 1

Tubular necrosis 0 2 1 0 0 0

Total 8 8 10 1 0 2

Ultrastructural 
changes

Non-pregnant 
(n = 2) E12.5-E13.5  (n = 2)

E17.5         
(n = 3)

Non-pregnant 
(n = 2) E12.5-E13.5 (n = 2)

E17.5       
(n = 2)

Thickening of base-
ment membrane, 1 2 2 0 0 0

mesangial widening 
and sclerosis 0 2 3 0 0 0

Fused foot processes 1 2 3 0 0 1

Total 2 6 8 0 0 1

Figure 3.   Light microscopy analysis of the heart in the A1Mko and WT mice. (a) Left ventricle with features 
of cardiac hypertrophy in the A1Mko, E 17.5, H&E, 20X. There is an increased diameter of the individual 
cardiac myocytes on a transverse cut section. The encircled area highlights the cellular changes. (b) Normal 
myocardium in the WT, E17.5, H&E, 20X. Cardiac myocytes consist of population of cells with similar diameter 
on a transverse cut section.

Figure 4.   Means per litter (squares for the A1Mko, circles for the WT), median (thick horizontal lines) and 
range (thin vertical lines) for placenta and fetal weights in A1Mko (n = 3) and WT (n = 3) mice at E12.5- 13.5 
and A1Mko (n = 6) and WT (n = 5) mice at E17.5. (a) There were no statistical differences in placental weight 
between A1Mko and WT at the two gestational points. (b) The fetuses were significantly lighter in the A1Mko 
compared to the WT at E 17.5 (p = 0.028, Mann–Whitney), but not at E12.5–13.5.
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Figure 5.   TEM analysis of the placentas. (a) Collapsed vessels of the labyrinth in the A1Mko at E17.5, bar 
5 µm. Normal maternal and fetal compartments are effaced and replaced with debris. Some remnants of 
syncytiotrophoblatsts are present (arrow). (b) Normal vessels in the labyrinth of the WT at E17.5, bar 5 µm. 
There is a clear separation of maternal and fetal vascular compartments. The star indicates the cytotrophoblast 
in the maternal vessel. (c) Collapsed ER (arrow) in the spongiotrophoblast in the A1Mko at E 17.5, bar 2 µm. 
The characteristic dilated cysternae of ER (lace-like pattern) is not visible. Selected area is magnified in (e). (d) 
Normal ER in spongiotrophoblast in the WT at E 17.5, bar 2 µm. E erythroblast, ER endoplasmic reticulum, FV 
fetal vessel, MV maternal vessel, N nucleus, FE fetal endothelium, MV maternal vessel, ST spongiotrophoblast.
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Table 4.   Significant fold changes in gene expression in the A1Mko at E12.5–13.5 and E17.5 compared to the 
WT. X Fold change represents upregulated (+) or downregulated (−) gene expression. The threshold of two-
fold up- or downregulation of expression is statistically significant (Student’s T-test, p < 0.05) in the A1Mko 
compared to the WT after normalization against housekeeping genes.

Gene symbol Gene Fold change X Gestational age

Kidneys

Vasodilation

 NPPB Natriuretic peptide type B  + 13.16 12.5–13.5

 KNG1 Kininogen 1 − 2.01 17.5

 CPS1 Carbamoyl-phosphate synthetase 1 − 2.39 17.5

 AGTR2 Angiotensin II receptor type 2 − 3.03 17.5

 MB Myoglobin − 76.54 17.5

Vascular constriction

 MYLK2 Myosin, light polypeptide kinase 2  + 4.22 17.5

 EDN2 Endothelin 2  + 2.71 17.5

 ANDRA1D Adrenergic receptor alpha 1d  + 2.67 17.5

 UTS2R Urothensin 2 receptor  + 2.59 17.5

 PTGIR Prostaglandin I receptor (IP)  + 2.25 17.5

 UTS2 Urotensin 2  + 2–21 17.5

 PTGS2 Prostaglandin-endoperoxide synthase2  + 2.07 17.5

 DRD3 Dopamine receptor D3 − 2.12 12.5–13.5

Blood pressure regulation and osmotic stress response

 AVPR1B Arginine vasopressin receptor 1b  + 3.35 17.5

 BDKRB2 Bradykinin receptor beta 2  + 2.21 17.5

Ion transport

 CNGA2 Cyclic nucleotide gated channel alpha2  + 3.12 17.5

 CNGA3 Cyclic nucleotide gated channel alpha3  + 2.45 17.5

 CNGB1 Cyclic nucleotide gated channel beta1  + 2.17 17.5

 CNGA1 Cyclic nucleotide gated channel alpha1  + 2.07 17.5

ROS metabolism

 NOXA1 NADH oxidase activator 1  + 2.66 17.5

 NOS2 Nitric oxide synthase inducible  + 2.44 17.5

 GPX5 Glutathione peroxidase 5  + 2.13 17.5

Oxidative stress response

 AOX1 Aldehyde oxidase − 2.10 17.5

Heart

Vasodilation

 AGTR2 Angiotensin II receptor type 2  + 2.59 17.5

 CPS1 Carbamoyl-phosphate synthetase 1 − 8.81 17.5

 KNG1 Kininogen 1 − 18.94 17.5

Vascular constriction

MYLK2 Myosin, light polypeptide kinase 2  + 2.04 17.5

Placenta

Antioxidants

 TXNRD2 Thioredoxin reductase 2  + 2.21 12.5–13.5

 GPX5 Glutathione peroxidase 5 − 2.43 17.5

 GPX2 Glutathione peroxidase 2 − 2.94 12.5–13.5

 EHD2 EH-domain containing 2 − 3.07 12.5–13.5

 MPO Myeloperoxidase − 4.12 12.5–13.5

ROS metabolism

AOX1 Aldehyde oxidase − 2.15 17.5

NOXA1 NADH oxidase activator 1 − 2.27 17.5

FMO2 Flavin containing monooxygenase2 − 3.29 12.5–13.5

Oxidative stress response

CCL5 Chemokine (C–C motif) ligand5 − 2.31 12.5–13.5

APOE Apolipoprotein E − 3.17 12.5–13.5

KRT1 Keratin 1 − 3.26 12.5–13.5

KRT1 Keratin 1 − 4.64 17.5
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Figure 6.   Full gene expression profiles in the A1Mko relative to WT. (a) Hypertension array, kidneys at E 
12.5–13.5. (b) Hypertension array, kidneys at E 17.5. (c) Hypertension array, hearts at E 17.5. (d) Oxidative 
Stress and Antioxidant Response array, kidneys at 17.5. (e) Oxidative Stress and Antioxidant Response array, 
placentas at E12.5–13.5. (f) Oxidative Stress and Antioxidant Response array, placentas at E 17.5. The images 
represent the full gene expression profile presented in Table S3. The color spectrum for each image shows the 
range of fold changes observed in the array from downregulation (green) to upregulation (red) based on the 
threshold cycle (CT) above the base line and housekeeping genes (ΔΔ (delta delta) CT method). The gray color 
means no expression. Each square represents a specific gene.
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trast, at E17.5 there were several vasodilators that were downregulated (Table 4, Fig. 6a,b), i.e. myoglobin (MB, 
− 76.5X), angiotensin II receptor type 2 (AGTR2), carbamoyl-phosphate synthetase 1(CPS1) and kininogen 1 
(KNG1).

One vasoconstrictor was downregulated in the kidney at E12.5–13.5, dopamine receptor D3 (DRD3), while at 
E17.5 all other vasoconstrictor genes were upregulated, with myosin light polypeptide kinase 2 (MYLK2) being 
the highest (+ 4.22). Additionally, genes involved in blood pressure regulation and osmotic stress response (e.g. 
Arginine vasopressin receptor 1b (AVPR1B)), ion transport (Cyclic nucleotide gated channel genes (CNGs)) and 
ROS metabolism were upregulated in the A1Mko kidneys, while one oxidative stress response gene, aldehyde 
oxidase (AOX1), was downregulated (Table 4).

Specific genes of the heart.  The changes in gene expression in the heart were similar to those observed in 
the kidneys, the vasodilators being downregulated at E17.5. These included KNG1 and CPS1 (Table 4, Fig. 6c). 
However, the vasodilator AGTR2 and the vasoconstrictor MYLK2 were upregulated at E17.5.

Specific genes of the placenta.  At E12.5–13.5, several genes allocated to the antioxidant category were 
downregulated in the A1Mko placentas. These were myeloperoxidase (MPO), EH-domain containing 2 (EHD2), 
and glutathione peroxidases 2 (GPX2) (Table 4, Fig. 6e,f). In addition, there was a downregulation of the ROS 
metabolism gene flavin containing monooxygenase 2 (FMO2) and the oxidative stress response genes keratin 1 
(KRT1), apolipoprotein E (APOE) and chemokine (C–C motif) ligand 5 (CCL5). The only gene that was upregu-
lated at E12.5–13.5 was the antioxidant thioredoxin reductase 2 (TXNRD2). At E17.5, glutathione peroxidase 5 
(GPX5), two ROS metabolism genes and the oxidative stress response gene KRT1 were downregulated, while no 
genes were upregulated.

Gene profiles validation.  Selective validation of genes with individual probes confirmed downregulation 
of Mb (p = 0.016, Mann–Whitney) and upregulation of the vasodilator gene MYLK2 (p = 0.032, Mann–Whitney) 
in the kidneys at E17.5 (Table 5, Fig. S1c,e).

However with individual probes, upregulation of NPPB gene at E12.5–13.5 and downregulation of CPS1 and 
KNG1at E17.5 in the kidney were not confirmed (p = 0.200, p = 0.222 and p = 0,151 respectively, Mann–Whitney) 
(Table 5, Fig. S1a,b,d).

Change in CPS1 and MYLK2 genes in the heart at E17.5 were also not confirmed (p = 0.151 and p = 0.421 
respectively, Mann–Whitney) (Table 5, Fig. S1f,g), as was downregulation of APOE in the placenta at E12.5–13.5 
(p = 0.400, Mann–Whitney) (Table 5, Fig. S1h).

Discussion
In this work, the A1Mko mouse line was employed to investigate the role of the reductase, heme- and radi-
cal-binding protein A1M in pregnancy. To evaluate the impact of A1M-loss during pregnancy, the biology of 
A1Mko female mice was first considered. It was previously shown that the non-pregnant A1Mko phenotype 
is characterized by ER stress and increased antioxidant expression in the liver, as well as obesity and increased 
weight of individual organs27. In this study we continued to characterize the A1Mko phenotype and showed that 

Table 5.   Validation RT-qPCR demonstrating fold changes in gene expression in the A1Mko at E12.5–13.5 and 
E17.5 compared to the WT. X Fold change represents upregulated (+) or downregulated (−) gene expression 
in the validation RT-qPCR for each gene in the A1Mko compared to the WT after normalization against one 
housekeeping gene. The p-value was calculated using Mann–Whitney test.

Gene symbol Gene Fold change Gestational age p-value

Kidneys

Vasodilation

 NPPB Natriuretic peptide type B  + 13.31 12.5–13.5 0.200

 CPS1 Carbamoyl-phosphate synthetase 1 − 4.5 17.5 0.222

 MB Myoglobin − 6.3 17.5 0.016

 KNG1 Kininogen 1 − 2.4 17.5 0.151

Vascular constriction

 MYLK2 Myosin, light polypeptide kinase 2  + 1.72 17.5 0.032

Heart

Vasodilation

 CPS1 Carbamoyl-phosphate synthetase 1 − 3.0 17.5 0.151

Vascular constriction

 MYLK2 Myosin, light polypeptide kinase 2  + 1.42 17.5 0.421

Placenta

Oxidative stress response

 APOE Apolipoprotein E − 2.5 12.5–13.5 0.400
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non-pregnant A1Mko females have significantly increased SBP and HR as well as a tendency toward increased 
heart weight. Thus, there was an indication of a compromised cardiovascular system in the non-pregnant A1Mko 
phenotype, which was also clearly detected in early and late pregnancy. Likewise, the increased kidney weight 
and the kidney tissue morphology of the non-pregnant females suggest that an abnormal kidney function was 
present even before pregnancy. All together, these results indicate an altered cardiovascular and kidney function 
in both non-pregnant and pregnant A1Mko females compared to WT females.

During pregnancy, the A1Mko female mice showed signs of deranged expression of vaso-regulatory genes, 
structural abnormalities in the kidney and the placenta, as well as compromised fetal growth. The major physi-
ological events of pregnancy, placental development and fetal growth showed several signs of dysregulation in 
the A1Mko females. The placenta showed collapsed vessels in the labyrinth zone and ER stress in spongiotropho-
blasts, which may impact the feto-placental exchange of gases and nutrients and result in IUGR. As expected, 
there was a reduced weight of the fetuses at term and a reduced fetal/placental weight ratio.

Early in a normal pregnancy, as the maternal blood volume increases, there is an increased vasodilation and 
decreased peripheral resistance leading to increased cardiac output31. Decreased vascular tone (vasodilation) or 
increased vascular tone (vasoconstriction) affect fluid volume, blood flow and oxygen transport32,33, as well as 
nutrient supply to the fetus. Vasodilation is reported to have a peak at mid gestation and to gradually decrease 
toward term as part of the normal baroreflex response in pregnancy34. However, our results suggest that this 
normal physiological response failed in the A1Mko.

The importance of A1M in kidney function was previously reported in male Wistar rats, where it was dem-
onstrated that the protein can reduce fetal hemoglobin-induced glomerular permeability14. This protective effect 
has also been shown in a pregnant rabbit model12. Kidney damage is typically seen in the pregnancy-related 
complication, PE, and is thought to be due to a deranged mechanism for adapting to changes in fluid volume in 
pregnancy35–37. This is partially attributed to reduced levels of vascular endothelial growth factor and increased 
levels in the circulation of soluble fms-like tyrosine kinase one, leading to decreased vasodilation38,39. This is 
clinically seen as glomerular endotheliosis, a pathognomonic finding in PE39. In the present study, the histological 
findings were not the typical findings reported in PE36,40 except for the basement membrane thickening, fusion of 
foot processes and mesangial expansion40,41. However, the changes do indicate damage to the glomerular filtra-
tion barrier, which compromises renal function40,42. In general changes in oncotic pressure might significantly 
affect blood volume regulation and therefore the blood pressure in a normal physiological response43. These 
need to be considered in follow-up studies with the A1Mko model. In humans, A1M levels have been reported 
to increase during the course of normal pregnancy, but at a higher rate in PE24,25. The current findings suggest 
that the reported increase of A1M levels may be an adaptive mechanism to prevent kidney and placental damage.

The gene expression profiles indicate an imbalance in the maintenance of vascular tone, tending toward 
increased vasoconstriction. This includes increased expression of the cyclic nucleotide gated ion channel genes 
(CNGAs) and AVPR1B. The CNGAs are the only targets of cyclic guanosine 3′,5′-monophosphate (cGMP) for 
vascular smooth muscle contraction in the kidneys44. The cGMPs are generated from guanosine triphosphate in 
response to natriuretic peptides when there is increased pressure and stretch in the vasculature which accompany 
high volume, leading to vasoconstriction45,46. The AVPR1B is important for fluid homeostasis, cardiovascular 
function and blood pressure regulation during pregnancy47,48. In mice, low dose infusions of vasopressin have 
been shown to cause PE-like manifestations, including IUGR​49.

The attenuated expression of MB is very interesting. Myoglobin is a potent inducer of vasodilation under 
hypoxic conditions. By reacting with nitrite50 to generate nitric oxide (NO) it causes vasodilatation. In rodents, 
NO inhibition during pregnancy leads to hypertension51,52. When the kidney tubules have a limited oxygen 
supply, due to shunting in the medulla, the induced hypoxic condition causes an increase in MB expression as a 
compensatory vasodilation mechanism53. The failed response seen in the A1Mko model suggests a weakening of 
the normal adaptive hemodynamic response. The reason for the downregulation of MB in the A1Mko kidneys is 
not known, but it may be speculated that A1M, as a heme-binding protein54, is involved in the regulation of cell-
free heme levels. Since heme is a component of myoglobin, the lack of A1M may compromise the incorporation 
of heme groups into the MB molecule.

To the best of our knowledge, there is currently no reported data on mouse renal expression of the NPPB 
gene. The NPPB protein is a potent diuretic, natriuretic and vasodilator55 contributing to blood volume control 
by the heart and the kidneys56. Recently, the protein has been proposed as a marker of early onset PE57,58. It is 
interesting that the expression was seen only at E12.5–13.5 in the kidneys and was absent at E17.5, further sug-
gesting a failed hemodynamic adaptation.

The major physiological defect associated with the A1Mko pregnancy model in the kidneys, heart and pla-
centa is the vascular tone. Failure in regulating and maintaining vascular tone results in increased SBP and HR 
and the collapsed vessels seen in the placenta, contributing to IUGR. An antiangiogenic imbalance is a well 
described situation in pregnancies complicated by PE, with and without IUGR, hypertension, gestational diabetes 
and heart failure59–63. Models of pregnancy-induced hypertension such as the reduced utero-placental pressure 
and renin-angiotensin system in rats, demonstrate imbalance in vascular tone63,64.

The major limitation of this study is the small sample size. One reason for the small sample size, as stated 
previously, was the inherent stringency in the use of the CODA instrument for SBP and HR measurements based 
on the volume-pressure method validated in non-pregnant rodents. The mice needed to have the recommended 
normal temperature range at the time of the measurement, which is a critical test requirement for validation 
of the results. For some mice it was also stressful to fit into the restraining tube at the later stages of gestation, 
and therefore they were excluded from further SBP and HR measurements. As a result, the regression line for 
pregnant A1Mko after E8.5 and later in pregnancy has to be interpreted with caution. In addition, considering 
that the use of individual probes could not validate the results of some of the pooled samples, we recommend 
that some of the gene expression data should be interpreted with caution.
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The animals used to assess the litter size differences were limited to comparable numbers obtained in the 
SBP and HR data. A follow-up study with large number of A1Mko mice is necessary to address the limitations 
of the present study.

Conclusion
In conclusion, we report that loss of A1M is associated with abnormal cardiovascular function in non-pregnant 
mice and that A1M is important for cardio-vascular adaptation and the development of a functional placenta 
to support fetal growth.

Material and methods
Ethics committee approval.  The study protocol was approved by the ethics committee for animal studies 
at Lund University, Sweden (permission M77-14, 2014). Animal experiments were carried out in strict adher-
ence to the guidelines of the Code for Method and Welfare Considerations in Behavioral Research with Animals 
(Directive 86/609EC). All efforts were made to minimize suffering.

Animals.  The A1Mko line was established as previously described27. The model has a selective deletion of 
exon 2 to exon 6 in the alpha-1- microglobulin bikunin precursor gene, resulting in a complete loss of expression 
of the A1M protein.

All mice were kept at the Biomedical Center Animal Facility, Lund University, Sweden. They were maintained 
on 12 h light/dark cycle ad libitum on standard laboratory rodent chow and water. Only mice from 18 weeks of 
age were included in the study.

Ten A1Mko and ten WT females were employed for breeding of the A1Mko or WT lines, respectively. The 
gestational age was counted from the date of a visible copulation plug, defined as day E0.5. From these animals, 
four pregnant A1Mko and four pregnant WT mice were sacrificed at E12.5–13.5, while six pregnant A1Mko 
and six pregnant WT mice were sacrificed at E17.5. An additional three A1Mko and four WT non-pregnant 
females were sacrificed for baseline values. The age at termination was 25 ± 3 weeks for the A1Mko females and 
24 ± 2 weeks for the WT females.

Blood pressure and heart rate measurements.  At 18 weeks of age, SBP and HR measurements were 
performed on the females for at least three weeks prior to breeding, which included one week of training. The 
SBP and HR were measured with a non-invasive tail cuff device (CODA8 with four channels, Kent Scientific, 
CT, USA), which uses a volume-pressure method. All measurements were performed on conscious restrained 
animals positioned on a heated platform following a standard protocol provided by the manufacturer. All meas-
urements on mice in vivo were held between 10:00 and 11:00 a.m. During the training period mice were made 
accustomed to being handled by the researcher. This involved placing them in an animal restrainer of appropri-
ate size that was placed on a heated platform, training them to tolerate the placing of a tail cuff and later the 
deflation/inflation cycle and the sound of the working equipment. Stress monitoring was carried out throughout 
the experiment by observing the mice while monitoring the heart rate and the body temperature. Mice were 
considered stressed and returned to the cage if they displayed increased body movements, excessive movements 
or retraction of the tail, rapidly increasing heart rate or a body temperature above 37.6 for > 3 subsequent meas-
urements. Stressed mice were not included in the SPB and HR measurements again on that day65–67.

Trained mice were followed for two weeks to establish the baseline SBP and HR. After conception, daily 
measurements were taken until one day before termination. A session per day consisted of 10–15 min for thermo-
regulation when restrained mice were positioned on the heated platform to achieve normal temperature, and of 
two sets of 15 measurements on each mouse which lasted for eight minutes and 40 s in total. Each set consisted 
of five acclimatization cycles and 10 true inflation/deflation cycles. Stress monitoring was carried out in a similar 
way to during the training period. All data obtained per day was checked and all measurements which did not 
pass the internal software control or were above/below the normal temperature range (34–37 °C) were excluded 
from the analysis65–67.

Urine and blood samples.  Urine and blood samples were collected at the time of termination. Briefly, 
following anesthesia with an isoflurane/oxygen mix, a middle line abdominal incision was made, and urine 
was collected trans-vesicularly with a sterile syringe. The urine was stored at − 80 °C until further analyses were 
conducted.

Blood was collected from the inferior vena cava into lithium-heparin treated vacuum tubes. Plasma was 
separated from whole blood by centrifugation at 2000 RPM for 10 min at room temperature and stored at − 80 °C 
until further analyses were conducted.

Tissue harvesting and processing.  Following anesthesia, blood was sampled, and all animals were euth-
anized by cervical dislocation. The kidney, heart, placentas and live fetuses were harvested and weighed. The 
number of dead fetuses was counted for each mouse.

Kidneys.  Two cubes of tissue of 1–2 mm3 were taken from the cortex and medulla of one kidney and put into 
freshly made fixative consisting of 1.5% paraformaldehyde and 1.5% glutaraldehyde. The fixed tissues were pro-
cessed for TEM as described68. The remaining kidney tissue was frozen on dry ice and kept at -80 °C until used 
for RNA extraction. The other whole kidney was put into 4% buffered formaldehyde and fixed for 24 h at room 
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temperature. It was then paraffin embedded and cut into 5 µm sections to be used for light microscopy analysis 
using hematoxylin and eosin (H&E), Periodic acid Schiff (PAS) and Masson Trichrome staining techniques.

Heart.  Each heart was sectioned along the septum, dividing it into the right and left compartments. The left 
compartment was processed for light microscopy and the right was frozen on dry ice and later used for RNA 
extractions.

Placenta.  Five randomly selected placentas were harvested from each pregnant female and used as follows: 
two placentas were prepared for light microscopy analysis, one placenta was prepared for TEM analysis and two 
whole placentas were frozen on dry ice and used for RNA extraction.

RNA extraction.  RNA was purified using a TRIzol-chloroform-ethanol method and the RNeasy mini kit 
(Qiagen, TX, USA). In brief, the tissue was homogenized in TRIzol reagent (Invitrogen, CA, USA) and centri-
fuged. The supernatant was mixed with chloroform, centrifuged again and the supernatant collected and mixed 
with an equal amount of ethanol. The mixture was put on a RNeasy mini spin column and RNA was purified 
in accordance with the protocol supplied by the manufacturer. The RNA sample quality was assessed by using 
the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The RNA integrity number for samples 
selected for further analysis was 9.1 ± 0.6.

Tissue morphology.  Kidneys.  Histological examination, photographic documentation, measurements 
and volume calculations were performed using 20X and 40X magnifications with an Olympus microscope 
(Olympus, Tokyo, Japan) and the Life Science Imaging Olympus Software (Olympus, Tokyo, Japan). The re-
nal tissue evaluation was performed on two serial sections per specimen in three non-pregnant A1Mko, four 
pregnant A1Mko at E12.5–13.5 and six pregnant A1Mko at E17.5, four non-pregnant WT, four pregnant WT at 
E12.5–13.5 and six pregnant WT at E17.5.

Ten cortical glomeruli, sectioned close to the midline with the vascular pole and the whole circumference of 
the Bowman’s capsule visible, were examined and measured on PAS staining at 40X magnification. Glomeruli 
with evidence of fibrosis by PAS or sectioned tangentially were excluded from the measurements. A cell count 
was performed on the same glomeruli photographed at 40X magnification.

Analysis by TEM was performed on the kidney from two A1Mko and two WT females at E12.5–13.5 and 
three A1Mko and two WT females at E17.5. Additionally, two non-pregnant A1Mko and two WT females were 
examined for baseline values. At least two randomly selected glomeruli per kidney were evaluated.

Heart.  Histological evaluation of the heart pathology was performed by light microscopy on H&E, PAS and 
Masson trichrome stained slides at 20X and 40X magnifications. At least two serial sections per mouse were 
evaluated in three non- pregnant A1Mko, four pregnant A1Mko at E12.5–13.5 and six pregnant A1Mko at E17.5, 
four non-pregnant WT, four pregnant WT at E12.5–13.5 and six pregnant WT at E17.5. The total amount of 
cardiac myocytes was counted on photographs acquired on standardized camera setting and 40X magnification 
(adopted with modification69,70). The number of cells within an 86 µm diameter circle in the tissue sections was 
counted in two randomly selected areas of the left compartment sectioned in a transverse plane for each heart. 
The amount of cell per µm2 was calculated as total amount of cells/A, where A = πr

2 and r = 43 µm.

Placenta.  The placental width, the width of the labyrinth and junctional zones were measured three times on 
two sections from each placenta from the fetal surface near the umbilical cord insertion to the decidua, on H&E 
stained slides at 20X magnification.

Placental evaluation by TEM was performed on two A1Mko and two WT placentas at E13.5 and two A1Mko 
and two WT placentas at E17.5.

Urine albumin and creatinine measurements.  Urine albumin and creatinine levels were determined 
using Albuwell M and the Creatinine Companion commercial ELISA kits (Exocell, Philadelphia, PA, USA). In 
brief, stored urine samples were thawed and centrifuged for 30 s to pellet any cell particles. Supernatants were 
diluted with NBEBSA diluent or distilled water and assayed in accordance with the manufacturer’s standard 
protocol. All samples were run in duplicate with appropriate controls and blanks. The absorbance was read 
at 450 nm for albumin and 500 nm for creatinine. The absorbance obtained were fitted into a standard curve 
(albumin) or standard regression line (creatinine). Final calculations were performed with antilog 10 conversion 
(albumin) and delta calculations (creatinine) multiplied by the dilution factor, according to the manufacturer’s 
instructions.

Blood urea nitrogen measurements.  Blood urea nitrogen was measured by a quantitative colorimetric 
method using a QuantiChrom Urea Assay kit (BioAssay Systems, CA, USA). Briefly, stored plasma samples 
were thawed, vortexed and assayed directly as stipulated in the manufacturer’s protocol. All samples were run 
in duplicate with appropriate standards and blanks. The plate was read at 490 nm. The BUN concentration was 
calculated as a fraction of the sample absorbance (minus the blank) as the numerator and the absorbance of the 
standard (minus the blank) as the denominator, multiplied by the dilution factor.

Gene profiling.  Gene expression was determined with the commercially available real time RT2 Profiler 
PCR Array kits (Qiagen, CA, USA).
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RNA extracts of kidney from three A1Mko and three WT females at E12.5–13.5 and kidneys and heart from 
five A1Mko and five WT females at E17.5 were assessed using the Mouse Hypertension array (Qiagen, catalog 
number PAMM 037Z). The Mouse Oxidative stress and Antioxidant Response array (Qiagen, catalog number 
PAMM 065Z) was used to analyze the placentas from three A1Mko and three WT females at E12.5–13.5 and 
the placentas and kidneys from five A1Mko and five WT females at E17.5.

All arrays were run according to the manufacturer’s protocol. In brief, all purified RNA samples from a par-
ticular group (A1Mko) or controls (WT) were pooled together by origin (kidney, heart or placenta) and gesta-
tional age (E12.5–13.5 or E17.5). Each pool was reverse transcribed with a cDNA synthesis kit. The synthesized 
cDNA was combined with RT2 SYBR Green qPCR Mastermix (Qiagen, catalog number 330529) and the qPCR 
was performed in a Bio-Rad CFX Connect Real-time System cycler (Bio-Rad Technologies, Denmark).

Gene expression analysis for validation.  Reverse transcription was done using RT2 First Strand Kit for 
cDNA synthesis (Qiagen, CA, USA). Real-time PCR was performed for NPPB, MB, CPS1, MYLK2, APOE, with 
Heat shock protein 90 alpha class B member 1 (HSP90AB1) as a house-keeping gene and using a Bio-Rad CFX 
Connect thermocycler (Bio-Rad Technologies, Denmark). The RT2 qPCR Primer Assays (Qiagen) specific for 
mouse NPPB (PPM04558A-200), MB (PPM05326C-200), CPS1 (PPM41727A-200), MYLK2 (PPM35075A-200), 
APOE (PPM04128B-200) and HSP90AB1 (PPM04803F-200) was used together with RT2 SYBR Green Master-
mix (Qiagen, catalog number 330529) according to manufacturer’s instructions. All samples were run in dupli-
cates.

Data analysis.  Statistical analysis was performed with SPSS 26 software package (IBM, New York, USA), 
except for mixed regression modeling for repeated measurements, which was performed with the SAS Enter-
prise Guide (version 8.1, SAS Institute, Cary, NC, USA). Graphs for the means of the placental and fetal weights 
were created with the GraphPad Prism software (Version 8.04, San Diego, CA, USA).

All continuous variables for gross and microscopic evaluation of the organs are presented as median with 
minimum and maximum. Baseline values for SBP and HR were calculated as means of at least two weeks of 
measurement prior to conception. Mixed regression modeling was used for SBP and HR baseline and intragroup 
trend analysis.

Mann–Whitney test was used to compare continuous variables, with regards to the effect of genotype to the 
changes observed. Fisher’s exact test was used for analysis of effect of genotype for light pathological findings in 
the kidneys. P < 0.05 was considered statistically significant.

Gene expression analysis was performed using the Qiagen Data Analysis Web Portal (http//:www.giage​n.com/
geneg​lobe). Gene expression was calculated as fold change by the ΔΔ (delta delta) threshold cycle (CT) method 
and represented as an exponent of 2. A fold change of plus (+) or minus (−) 2 or higher corresponds to p < 0.05 
by the Student’s T-test.

The validation of gene expression was done using single probes and the ΔΔCt method71. The p-values were 
calculated using Mann–Whitney test for each gene in the A1Mko and WT groups.

Data availability
Materials, data and associated protocols are available on request.
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