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ABSTRACT
Objective: One of the complications of subarachnoid hemorrhage (SAH) is the acidity of blood and cerebrospinal 
fluid if carotid body/glossopharyngeal-nerve chemoreceptor networks are disrupted. This study aimed to 
investigate whether the renal arteries and glomeruli are affected by acidic blood pH following SAH. 
Method: Twenty-six hybrid rabbits were selected of which 5 were used to analyze interactions between carotid 
bodies and kidneys, 5 were allocated as the sham group that received injections of 1 cc saline, and 16 of them 
constituted the SAH group in which 1 cc of autologous arterial blood was injected into the cisterna magna. 
Deaily pH and blood pressure values of all animals were measured before, during, and after surgery for 2 weeks, 
and then all animals were decapitated. Carotid bodies and atrophic glomeruli of all animals were determined 
histopathologically. Only pH values, and number of atrophic glomeruli per mm3 (n/mm3) were analyzed statistically.
Results: In the study group severe degeneration of perirenal vagal ganglia, renal artery vasospasm, intrarenal 
hemorrhage, and renal glomerular degeneration were observed. The mean density of atrophic glomeruli in 
control, sham, and study groups were estimated as 13±37/mm3, 24±5/mm3, and 67±11/mm3, respectively which 
differed statistically significantly between control, and sham (p<0.005), sham and study (p<0.0005), control and 
study (p<0.00001) groups.
Conclusion: The study showed that acidic blood results in degeneration of the epithelial cells and causes severe 
vasospasm in renal arteries and glomerular atrophy following SAH, which has not previously been described. 
Keywords: Subarachnoid hemorrhage, renal artery injury, acidosis, glomerulus atrophy

ÖZ
Amaç: Subaraknoid kanamanın (SAH) komplikasyonlarından biri, karotis cisimcik ve glossofaringeal sinir ağlarının 
bozulmasına bağlı olarak kan ve beyin omurilik sıvısında gelişen asidozdur. Bu çalışmanın amacı, SAH sonrası asidik 
kan pH’ının renal arterler ve glomerüller üzerindeki etkisini araştırmaktır.
Yöntem: Çalışmada 26 melez tavşan kullanıldı. Beş tavşan karotis cisimcik ve böbrek ağı analizleri için ayrıldı. 
Beş tavşan, 1 cc serum fizyolojik uygulanarak SHAM grubuna dahil edildi. On altı tavşana ise sisterna magnaya 1 
cc otolog arteriyel kan enjekte edilerek SAH modeli oluşturuldu. Tüm hayvanların pH ve kan basıncı değerleri, 
ameliyat öncesinde, ameliyat sırasında ve sonrasında 2 hafta boyunca günlük olarak kaydedildi. Çalışma sonunda 
tüm hayvanlar dekapite edilerek karotis cisimcikleri ve böbrek dokuları histopatolojik olarak incelendi. pH 
değerleri ve atrofik glomerül sayıları (n/mm³) istatistiksel analiz edildi.
Bulgular: Çalışma grubunda perirenal vagal ganglion dejenerasyonu, renal arter vazospazmı, intrarenal hemoraji 
ve glomerüler dejenerasyon saptandı. Kontrol, SHAM ve SAH gruplarında ortalama atrofik glomerül yoğunluğu 
sırasıyla 13±3, 24±5 ve 67±11 n/mm³ olarak hesaplandı. Atrofik glomerül sayısı arasındaki ilişki gruplar istatistiksel 
olarak anlamlı bulundu (p<0.005 kontrol/SHAM; p<0.0005 SHAM/SAH; p<0.00001 kontrol/SAH).
Sonuç: Bu çalışma, SAH sonrası gelişen kan asidozunun epitel hücre dejenerasyonuna yol açtığını ve daha önce 
tanımlanmamış bir şekilde renal arterlerde artmış vazospazm ile glomerüler atrofiye neden olduğunu ortaya 
koymaktadır.
Anahtar kelimeler: Subaraknoid kanama, renal arter yaralanması, asidoz, glomerulus atrofisi
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INTRODUCTION
The kidneys are innervated by a complex network 

that includes thoracolumbar somatosensory fibers, 
the abdominal sympathetic chain, and vagal nerves. 
These neural pathways play a crucial role in regulating 
renal blood flow, blood pressure, and electrolyte 
balance(1). Subarachnoid hemorrhage (SAH) is a life-
threatening condition that not only affects the central 
nervous system but also has severe systemic adverse 
outcomes, including acute kidney injury (AKI)(2). SAH 
increases the incidence of AKI and worsens survival 
outcomes, emphasizing the need to better understand 
the underlying mechanisms of renal dysfunction in 
this context(3,4). While electrolyte imbalances, such 
as hypokalemia, are known to contribute to SAH-
induced renal pathology(5,6), the impact of autonomic 
nervous system (ANS) dysregulation on renal function 
is still incompletely understood. The sympathetic 
and parasympathetic nervous systems exert opposing 
effects on renal function. Excessive sympathetic 
activation secondary to vagal nerve dysfunction can lead 
to renal artery spasms, increased renal blood pressure, 
and ultimately, renal hypertension(7-9). Experimental 
models have demonstrated that vagal nerve lesions, 
such as cervical vagotomy, exacerbate renal sympathetic 
activity, triggering renal hypertension(10-12). Furthermore, 
ischemia-reperfusion injury, a common complication 
of SAH, has been linked to sympathovagal imbalances, 
which further elevate renal arterial pressure and worsen 
kidney damage(13). These findings highlight the critical 
role of dysregulation of ANS in the pathogenesis of SAH-
associated renal complications.Although the effects of 
SAH on kidney function have been well documented, the 
mechanisms through which acidotic blood contributes 
to renal injury remain insufficiently explored. Acidosis is 
a common consequence of SAH and has been implicated 
in systemic hypoxia, carotid chemoreceptor activation, 
and increased sympathetic drive, all of which contribute 
to the development, and exacerbation of renal 
hypertension. However, direct effects of acidic blood on 
renal epithelial cells and glomerular anatomy have yet 
to be fully elucidated. Previous studies have primarily 
focused on sympathetic overactivation and electrolyte 
disturbances as key contributors to SAH-induced renal 
dysfunction, often overlooking the potential role of 
acidosis played in the pathogenesis renal pathologies.
This study aims to bridge this gap by investigating the 
mechanisms through which acidic blood contributes to 
the development of renal epithelial cell degeneration 
and glomerular atrophy following SAH. While existing 
research has predominantly attributed SAH-related 

renal damage to excessive sympathetic activation and 
electrolyte imbalances, the specific effects of acidosis on 
renal structure and function remain largely undefined. By 
building on current knowledge of SAH-associated renal 
complications, this study seeks to provide novel insights 
into the pathophysiology of SAH-induced kidney injury 
and identify potential therapeutic targets for mitigating 
renal damage.

MATERIALS and METHODS
The animals used in this experimental study were 

owned and managed by our institution. Ethical approval 
for the study was obtained from the Institutional Review 
Board of Animal Experiments Local Ethics Committee 
of Atatürk University (approval number: E-2200369130, 
dated: 29.06.2022). The study was conducted on 26 
rabbits; five of which were used to analyze the normal 
structures of the carotid bodies and kidneys. Twenty-
one rabbits consisted of both sham surgery group (n=5) 
that received an injection of 0.5 cc saline solution, and 
study (n=16) group received an injection of 0.5 cc of 
autologous-auricular arterial blood into cisterna magna 
following surgical preparation of suboccipital-cervival 
region under general anesthesia. SHAM and study group 
animals received these injections once a day for three-
day period. Before surgery, the SHAM and study group 
animals were anesthetized with an injection of 1 mg/kg 
acepromazine, 25 mg/kg ketamine hydrochloride, and 
15 mg/kg lidocaine hydrochloride combination. After a 
followed-up of two weeks, all animals were sacrificed 
under general anesthesia before surgery. Their carotid 
bodies and kidneys were removed and fixed in a 10% 
formalin solution for one week. Then, these samples 
were embedded in paraffin blocks, and 20 consecutive 
5 µm sections were taken from these paraffin blocks for 
the stereological analysis. Specimens were stained with 
hematoxylin and eosin method. Histopathologically, 
condensed cytoplasm, shrinking nuclei, angulated cells, 
and pericytoplasmic halo formation around cytoplasm 
due to cytoplasmic regression were accepted as 
epithelial degeneration criteria for carotid body neurons 
and kidneys. The physical dissector method was used to 
evaluate the number of atrophic glomeruli by refereces 
to glomerular cells like our previous studies. Stereological 
methods were used to estimate the number of atrophic 
glomeruli; and the corelation between the pH values and 
the number of atrophic glomeruli was analyzed using 
IBM SPSS 20.0 (SPSS Inc., Chicago, Illinois, USA) software. 
Shapiro-Wilk tests were used to evaluate variabilities in 
distribution for normalizing descriptive data expression 
of mean ± standard deviation. Variabilities in distributed 
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data were analyzed by Analysis of Variance test. 
Kruskal-Wallis test was also used when the results were 
considered statistically significant at p<0.05.

RESULTS
Two out of 16 rabbits died within the second week, 

likely due to cardiorespiratory disorders, and replaced 
by additional new animals for restudy. The mean 
blood pH values were: 7.346±0.032 in the control 
(n=5), 7.315±0.062 in the sham (n=5), and 7.20±0.014 
in the study groups (n=16) (Figure 1). Circulatory and 
respiratory changes were detected in the study groups. 
Systolic blood pressure was measured as 99±7/mmHg in 
normotensive, 106±8/mmHg in sham, and 117±13/mmHg 
in the study rabbits. 

The mean density of atrophic glomeruli of the 
control, sham, and study groups were estimated as 13±3/
mm3, 24±5/mm3, and 67±11/mm3, respectively (Figure 2). 
The levels of significance noted in statistical analyses 
performed between pH values and number of atrophic 
glomeruli were: p<0.005 in control vs sham; p<0.0005 
in sham vs study; p<0.00001 in control vs study groups. 

Number of degenerated carotid body neurons and 
pH changes were comparable to those found in our 
previous relevant studies(13,14).

Histopathological Results 
Hilar renal artery vasospasm, vagal nerve axonal 

injury with degeneration of perirenal ganglia, atrophic 

glomeruli, degenerated perirenal ganglia, inflamed 
degenerated vagal plexus around renal artery and 
kidney, stenotic renal artery, degenerated perirenal 
ganglia, intrarenal artery covered with lymphoid 
tissue, slightly edematous glomeruli, and atrophic 
glomeruli, hemorrhagic parenchymal edema with ghost 
degenerated glomeruli and atrophic glomeruli were 
detected in SAH created rabbits. 

Figure 3 shows the binuclear neurons of carotid 
bodies in control (A), moderately deformed neurons in 
sham (B), and severely deformed neurons in study (C) 
groups. Figure 4 shows cross-sectional view of the renal 
artery on computed tomography (RA) in a normal rabbit 
(A). Moreover, histopathological appearances of control 
(B), moderately stenotic renal artery in a sham (C), and 
severely stenotic renal artery in a study animal (D) are 
shown in Figure 4. The method of estimating number 
of glomeruli is demonstrated in Figure 5: In order to 
predict the number of glomeruli stereologically, the 
cross-sectional region (A) of the kidney was taken into 
consideration, n pairs of physical dissectors designed in 
a 3-dimensional form consisting of consecutive sections 
taken at 100-micron intervals in the glomeruli thickness 
and the method for estimating the number of glomeruli 
(G) in two consecutive pairs at 100 microns apart were 
used. Figure 6 shows normal glomerulus in the control 
(A), moderately deformed glomerulus in the sham (B), 
and severely deformed glomerulus in the study (C) 
groups.

Figure 1. pH Value of the groups. *p<0.005 in control/SHAM; **p<0.0005 in SHAM/study; ***p<0.00001 in control/study
SHAM: Sham-operated group
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Figure 3. Carotid body’s binuclear neurons in control 
(A), moderately deformed neurons in SHAM (B) and 
severely deformed neurons in study (C) groups (arrow-
LM, HE, x100/A,B,C)
SHAM: Sham-operated group, LM: Light microscopy, HE: 
Hematoxylin and eosin staining

Figure 2. The mean atrophic glomerulus density (n/mm3) of the groups. *p<0.005 in control/SHAM; **p<0.0005 in SHAM/
study; ***p<0.00001 in control/study
SHAM: Sham-operated group

Figure 4. Tomographycal appearances of a renal 
artery with the section level (RA) in a normal rabbit 
(A). And histopatholgical appearances of a control (B), 
moderately constructed renal artery in a SHAM (C) and 
severely constructed renal artery in a study animal (D) 
(LM, HE, x10/A, B, C)
RA: Renal artery, SHAM: Sham-operated group, LM: Light 
microscopy, HE: Hematoxylin and eosin staining
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Figure 5. Glomerulus numbers estimation method is seen (LM, HE, x4). In order to predict the glomerulus number 
stereologically, the cross-sectional region (A) taken from the kidney, a series of n consecutive 1-mm sections (B) were 
obtained from this section, n pairs of physical dissectors designed in 3-dimensional form consisting of consecutive 
sections taken at 100 micron intervals in the glomeruli thickness and the method for estimating the glomeruli (G) number 
in two consecutive pairs 100 microns apart are followed. Sections C and D are consecutive sections. If a glomerulus 
present in section C is not found in section D, it is considered a disappearing glomerulus pair and included in the count. 
If no corresponding glomerulus is identified, it is excluded from the analysis
LM: Light microscopy, HE: Hematoxylin and eosin staining

Figure 6. Normal glomeruls in control (A), moderately deformed glomerulus in SHAM (B) and and severely deformed 
glomerulus study (C) group (LM, HE, x40/ B, C, D)
SHAM: Sham-operated group, LM: Light microscopy, HE: Hematoxylin and eosin staining
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DISCUSSION
SAH is a neurovascular emergency that can lead 

to severe complications affecting renal function. This 
study investigates the underlying mechanisms of 
histopathological changes in the kidneys following SAH, 
with a particular focus on the role of ANS dysfunction 
in renal impairment and hypertension. The findings 
provide valuable insights into the pathophysiology of 
renal complications following SAH, contributing to a 
deeper understanding of this complex interaction.

Renal Autonomic Innervation and Its 
Relationship with SAH

The kidneys receive innervation from somatosensory, 
sympathetic, and vagal nerves(15). The sympathetic 
nervous system plays a crucial role in regulating renal 
function and arterial blood pressure, whereas vagal 
nerves exert antihypertensive and homeostatic effects 
via parasympathetic activity(16,17) In conditions such as 
SAH, vagal ischemia or dysfunction may be a key factor 
in the pathogenesis of neurogenic renal hypertension(18). 

Parasympathetic preganglionic neurons in the renal 
hilus and around the suprarenal glands modulate 
parasympathetic functions(19). Vagal efferent fibers 
are distributed among microganglia, including the 
periarterial plexuses surrounding renal arteries(7). Vagal 
afferents contribute to regulation of blood volume, 
homeostasis and can modulate activity of the renal nerve 
following SAH(20). Studies have shown that interventions 
such as bilateral vagotomy(21), vagal blockage(22), vagal 
efferent dysfunction(23), an increase in hypertensive 
molecules in the solitary nucleus-vagal ganglion(24), 
and metabolic conditions like diabetes(25) can all lead 
to heightened renal sympathetic activity and renal 
hypertension(26). These findings underscore the critical 
role of sympathovagal balance in maintaining renal 
function.

Chronic Kidney Disease (CKD) and 
Sympathovagal Balance

CKD is associated with increased central sympathetic 
activity and reduced cardiac vagal tone(9). Metabolic 
disorders such as diabetes may exacerbate this process 
due to an impaired anti-inflammatory role of the vagus 
nerve(8). Acute hypothermia has been suggested as 
a potential approach to suppress renal sympathetic 
nerve activity(27). Prolonged renal ischemia has also been 
linked to both vagal and sympathetic afferent activation 
during reperfusion(28). Experimental models, including 
cervical vagotomy, disruption of vagal impulses, and 

increased renal sympathetic activity in vagotomized 
rats further support the role of ANS dysfunction in renal 
hypertension(10-12). These observations highlight the 
significance of ANS imbalance in the pathogenesis of 
CKD. 

Renal Innervation and Vagotomy

Renal sympathetic neurons increase renal blood 
flow in hypotensive subjects(29). Since baroreceptors and 
chemoreceptors in the carotid sinus modulate blood 
pH and blood pressure(30), SAH-induced ischemia of 
glossopharyngeal nerve-carotid body chemoreceptor 
network can lead to development of dangerous 
acidosis and hypertension(14) and renal insufficiency(31). 
As a result, excess renal sodium retention leads to 
nephrotic syndrome-like disorders(32). Decreased vagal 
inputs related to baroreceptor reflex(33) disorders lead 
to renal vascular hypertension(34). Systemic hypoxia 
markedly potentiates the renal constriction caused by 
the baroreflex, caused by the carotid chemoreceptor 
afferent input(35).

Subarachnoid Hemorrhage and Renal Disease 

SAH can impair renal function, leading to serious 
complications such as AKI and renal failure. Moreover, 
kidney disease is a recognized risk factor for stroke, 
and stroke itself may exacerbate renal dysfunction(36,37). 
In this study, post-SAH metabolic acidosis was found 
to contribute to vascular and structural damage in the 
kidneys, including renal artery vasospasm and glomerular 
atrophy. Notably, our findings suggest a previously 
undescribed mechanism in the literature, in which SAH-
induced acidosis directly contributes to renal epithelial 
cell degeneration and vascular dysfunction. 

SAH, Acidosis, and Multiorgan Dysfunction

The effects of SAH-induced acidosis are not confined to 
the kidneys but extend to other organ systems, potentially 
leading to widespread tissue damage. Conditions such as 
degeneration of the chemoreceptor network, consisting 
of the glossopharyngeal nerve and carotid body (GPN-
CB) carotid body-glossopharyngeal(14) and cervical 
trauma(13) can result in severe acidosis in both blood and 
cerebrospinal fluid. This process has been implicated 
in pathological changes such as “burned-out” spinal 
cord lesions(38), degeneration of choroid plexus(39) and 
intestinal injury(40). These findings suggest that post-SAH 
acidosis may be a critical driver of multiorgan failure, 
underscoring the need for further investigation into its 
systemic effects.
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Study Limitations
One of the primary limitations of this study is 

the absence of biochemical data, which could have 
provided further insights into the observed findings. 
Future research incorporating biochemical analyses 
or novel biomarkers will be essential to strengthen 
and validate the results of our research study. Another 
limitation of this study is the relatively small sample 
size. We, the authors, acknowledge that sample size 
is a critical component of any study, as an insufficient 
number of subjects may lead to the oversight of 
significant differences within the population. However, 
increasing the number of experimental animals beyond 
what is necessary could result in unnecessary sacrifice 
of greater number of animals. Based on our experiences 
derived from our previous eresearch studies, this study 
was therefore conducted using twenty-six adult rabbits, 
ensuring a balance between scientific rigor and ethical 
considerations.

CONCLUSION
This study sheds light on the mechanisms underlying 

renal pathology following SAH, particularly the 
disruption of sympathovagal balance and the impact 
of acidosis on renal dysfunction. Moving forward, 
recognizing acidosis as a key contributor to multiorgan 
failure may help to initiate the development of targeted 
therapeutic strategies. Additionally, our findings offer 
new perspectives for preventing and managing renal 
complications following SAH.
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