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Effects of end-stage renal disease
and dialysis modalities on blood
ammonia level

Nosratola D. VAZIRI, Mahyar KHAZAELI, Ane C. F. NUNES, Kevin T. HARLEY,
Hyder SAID, Omeed ALIPOUR, Wei Ling LAU, Madeleine V. PAHL

Division of Nephrology and Hypertension, University of California, Irvine, Irvine, California, USA

Abstract

Introduction Uremia results in a characteristic breath odor (uremic fetor) which is largely due to
its high ammonia content. Earlier studies have shown a strong correlation between breath ammo-
nia and blood urea levels and a 10-fold reduction in breath ammonia after hemodialysis in patients
with chronic kidney disease. Potential sources of breath ammonia include: (i) local ammonia pro-
duction from hydrolysis of urea in the oropharyngeal and respiratory tracts by bacterial flora, and
(ii) release of circulating blood ammonia by the lungs. While the effects of uremia and hemodialysis
on breath ammonia are well known their effects on blood ammonia are unknown and were
explored here. Methods Blood samples were obtained from 23 hemodialysis patients (immediately
before and after dialysis), 14 peritoneal dialysis patients, and 10 healthy controls. Blood levels of
ammonia, creatinine, urea, and electrolytes were measured. Findings No significant difference
was found in baseline blood ammonia between hemodialysis, peritoneal dialysis and control
groups. Hemodialysis procedure led to a significant reduction in urea concentration (P<0.001)
which was paradoxically accompanied by a modest but significant (P < 0.05) rise in blood ammonia
level in 10 of the 23 patients studied. Change in blood ammonia pre- and post-hemodialysis correlated
with change in serum bicarbonate levels (r=0.61, P<0.01). On subgroup analysis of patients who
had a rise in blood ammonia levels after dialysis, there was a strong correlation with drop in mean
arterial pressure (r=0.88, P<0.01). The nadir intradialytic systolic blood pressure trended lower in the
hemodialysis patients who had a rise in blood ammonia compared to the patients who manifested
a fall in blood ammonia (124 = 8 vs. 136 = 6 mmHg respectively, P= 0.27). Discussion Fall in blood
urea following hemodialysis in ESRD patients was paradoxically accompanied by a modest rise in
blood ammonia levels in 43% of the patients studied, contrasting prior reported effects of hemodialysis
on breath ammonia. In this subgroup of patients, changes in blood ammonia during hemodialysis
correlated with rise in blood bicarbonate and fall in mean arterial blood pressure.
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INTRODUCTION

Prior to the advent of modern laboratory techniques,
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common tool used by ancient clinicians for the diagnosis
of various diseases. A prime example of a disease with a
characteristic breath odor is renal failure. The fishy smell
of these patients” breath which is commonly described as
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uremic fetor is primarily due to the presence of large
amounts of ammonia in their exhaled air." In an earlier
study Narasimhan et al. found marked elevation of breath
ammonia (NH3) concentration in a group of end-stage
renal disease (ESRD) patients.® Breath ammonia level in
the study population directly correlated with their blood
urea concentration. The fall in urea concentration was
accompanied by a 10-fold drop in breath ammonia level,
from 1500 to 2000 ppb before hemodialysis to 150-200
ppb after hemodialysis.>

Ammonia in the body is derived from two sources:””*
() Cleavage of the amino groups of amino acids followed
by its conversion to urea by the liver and to ammonium
(NH4) by the renal tubular epithelial cells. Conversion of
ammonia to ammonium [NH;+H" — NHI] in the
renal tubules involves active secretion of H' which is a
critical step in the maintenance of acid-base balance by
the kidney. (i) Ammonia generated from the breakdown
of urea by urease-possessing bacteria [NH,-CO-
NH, + H,O — 2NH; + CO,] in the gastrointestinal tract.
Most of the ammonia generated from hydrolysis of urea
by the microbial flora is transported by the portal vein to
the liver and converted back to urea for release in the
circulation.

In patients with chronic kidney disease (CKD) uri-
nary excretion of ammonia declines significantly in par-
allel with the fall in glomerular filtration rate (GFR).>*°
Both kidney and liver failure result in a significant
increase in the breath ammonia level. In addition to
limiting urinary excretion of ammonia as ammonium,
accumulation of urea in the body fluids and its diffu-
sion into the gastrointestinal tract in patients with renal
failure greatly expands the substrate for generation and
absorption of ammonia.

Elevation of breath ammonia level in patients with
advanced liver disease is accompanied by elevated blood
ammonia which contributes to hepatic encephalopathy.
As noted above several studies have documented marked
elevation of breath ammonia level in patients with chronic
kidney disease not requiring dialysis> and in ESRD
patients maintained on hemodialysis and peritoneal dialy-
sis,”” and its fall with hemodialysis procedure in ESRD
patients.” The origin of ammonia in the breath includes:
(1) the bronchial and bronchiolar transfer of ammonia
from the blood to the exhaled air via Rhesus glycoproteins
(Rhesus BG and Rhesus CG) and passive diffusion across
alveolar membrane, ' (ii) hydrolysis of urea contained in
the saliva by oral bacterial flora,'t and (iii) possible
increase in blood ammonia, due to its reduced urinary
excretion as ammonium. To our knowledge the effects of
renal failure and dialysis modalities on blood ammonia

level have not been previously investigated. The present
study was undertaken to address this issue.

METHODS

Patients and controls

Twenty-three stable hemodialysis patients (14 women
and 9 men, aged 55.5 % 20.2 years) and 14 peritoneal
dialysis patients (6 women aged
47.9 £18.3 years) treated at the outpatient dialysis
unit of the University California, Irvine (UCI) Medical
Center were recruited for the study. The underlying
causes of ESRD in the study population included dia-
betic nephropathy (12), hypertensive nephrosclerosis
(9), IgA nephropathy (3), lupus nephritis (3), chronic
glomerulonephritis (3), amyloidosis (1), multiple mye-
loma (1), focal segmental glomerulosclerosis (1) and
CKD of unknown etiology (4). Patients received hemo-
dialysis therapy for 3 h thrice weekly using polysulfone
dialyzers. All patients received phosphate binders,
erythropoiesis stimulating agents, iron supplements,
and a multivitamin preparation. Details of dialysis treat-
ments and patient vitals were obtained from chart
review at the dialysis unit. None of the participating
patients consumed food during the dialysis procedure.
The highest and lowest intradialytic blood pressure val-
ues were recorded. Delta MAP represented the differ-
ence between highest and lowest MAP during a
hemodialysis session. Ten healthy subjects (5 women
and 5 men, aged 46.8 £ 8.9 years) served as controls.
The study protocol was approved by the Institutional
Review Board of the University of California Irvine
(HS# 2007-5572) and completed with the assistance of
the UCT’s Institute for Clinical and Translational Sci-
ence. Written informed consent was obtained from all
participants.

and 8 men,

Blood collection

Blood samples were obtained by venipuncture in the
control group and peritoneal dialysis patients, and
from the vascular access in the hemodialysis patients
immediately before and after a hemodialysis session.
Blood ammonia level was measured by the Clinical Lab-
oratory center at UCI Medical Center within 30 minutes
of collection. Blood creatinine, urea, electrolytes, hemo-
globin, and white blood cell count were measured on
automated bioanalyzers at the UCI Medical Center cen-
tral laboratory.
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Table 1 Blood urea nitrogen (BUN), creatinine, electrolytes including bicarbonate (HCO5), hemoglobin (Hb), white blood
cell (WBC) counts and ammonia levels in the control (CTL, n = 10) and peritoneal dialysis (PD, n = 14) groups and in
hemodialysis (HD, n = 23) patients immediately before and after hemodialysis procedure

CTL PD

44.8 = 13.4*
122 +2.9%
1379 x2.1
4*+05
97 £3.0
254%18
10.7 £ 1.0*
6.8+2.1
202*14

149 *x45
0.8=*0.1
1378 £ 1.7
43*+04
103.6 2.0
27.5x25
142 *0.9
7.3%3.0
253*03

BUN (mg/dL)
Creatinine(mg/dL)
Na (mEq/L)

K (mEq/L)

Cl (mEq/L)

HCO5; (mEq/L)

Hb (g/dL)

WBC (K/uL)
Ammonia (pmol/L)

Pre-HD

52 *21.1*%
10 £2.3%
137x2.0
95*+28
28£2.8
9.8 £0.6*
74%21
21712

Post-HD
10 £ 3.9%*

3 ios*a*ka*x
138 1.2

3 i04*v*><>**><
95+ 1.4
104 £0.7*
78*+1.7
231*1.9

*P < 0.05 vs. control, **P < 0.05 vs. PD, ***P < 0.05 vs. pre-hemodialysis.

Statistical analyses

One-way ANOVA, Tukey’s post-test, unpaired t-test,
Pearson’s and Spearman’s correlation tests were used in
analysis of the data which were expressed as mean =
SEM. P-values less than 0.05 were considered significant.

RESULTS

General data

Data are summarized in Table 1. Compared with the con-
trol group the ESRD patients had significantly higher plas-
ma urea, creatinine, and potassium levels and
significantly lower blood hemoglobin levels. As expected,
hemodialysis resulted in significant fall in serum urea,
creatinine, and potassium concentrations and a significant
rise in serum bicarbonate concentration. This was associ-
ated with a reduction in MAP (101 = 5 mmHg to 91 = 4
mmHg, P=0.12).

Blood ammonia data

Data are depicted in Table 1. There was no significant dif-
ference in baseline blood ammonia levels between the
hemodialysis, peritoneal dialysis and healthy control
groups. Change in blood ammonia (difference between
pre- and post-hemodialysis levels) directly correlated with
the degree of increase in the serum bicarbonate concen-
tration; Figure 1).

No significant difference was found in predialysis and
post-dialysis blood ammonia levels in the hemodialysis
group as a whole. However, comparison of the pre- with
the post-dialysis data revealed a significant (P < 0.05) rise
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Figure 1 Correlation between hemodialysis-induced delta
ammonia (NH;) with (A) changes in serum bicarbonate
(HCO3) in all hemodialysis subjects, and (B) delta MAP
(reflecting hemodynamic fluctuations) in hemodialysis
patients who had a positive delta NH;.
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Table 2 Comparison of hemodialysis subgroups who demonstrated rise vs. fall in blood ammonia (NH;) during dialysis

Delta NH3 Delta HCO; Lowest recorded Lowest MAP
Hemodialysis subgroup n (umol/L) (mEq/L) SBP (mmHg) (mmHg)
Positive delta NH; 10 9.1*x1.6 85*05 124 £8 86£7
Negative delta NH; 13 —45%0.8 6.2*0.5 136 26 946
P<0.01 P=0.27 P=0.38

Delta ammonia and bicarbonate (HCO5) were calculated from pre- and post-dialysis biochemistries. Delta MAP was calculated from the

highest and lowest recorded intradialytic blood pressures.

in blood ammonia level in 10 of 23 hemodialysis patients
(43% of the cohort) despite significant (P < 0.001) fall in
serum urea concentration. In this subgroup, the increased
blood ammonia following hemodialysis was inversely
related to change in MAP (r=0.88) (Figure 1). Upon
analysis of the lowest recorded intradialytic SBPs, there
was a trend for lower values in the hemodialysis patients
who had a rise in blood ammonia (124 = 8 vs. 136 £ 6
mmHg in the patients who had a drop in blood ammonia,
P=10.27, Table 2).

DISCUSSION

Retention of urea in renal failure leads to the rise in its
concentration in the body fluids and its heavy influx into
the gastrointestinal tract via passive diffusion and incor-
poration in glandular secretions.'” The heavy influx of
urea in the gastrointestinal tract is accompanied by
marked alteration of the gut microbial flora and domi-
nance of urease-possessing bacteria in ESRD patients.13 A
Hydrolysis of urea by microbial urease leads to formation
of large quantities of ammonia [NH,-CO-NH, + H,O —
CO, + 2NH;]. Most of the ammonia generated in the gut
is converted to ammonium hydroxide [NH;+ H,O —
NH4OH], which accounts for the elevated pH of the intes-
tinal milieu in patients with renal failure.'>'® There is
growing evidence indicating the role of intestinal barrier
dysfunction and increased intestinal permeability as a
cause of systemic inflammation in advanced renal dis-
ease.'>° However, until recently, the mechanism by
which uremia increases intestinal epithelial permeability
was not known. Earlier studies conducted in our labora-
tories demonstrated massive losses of claudin-1, occludin,
and zonula occludens-1 (the key protein constituents of
the epithelial tight junction) in the colon, stomach, jeju-
num, and ileum of rats with CKD.*"** Our subsequent
studies identified the role of urea-derived ammonium
hydroxide in the disruption of the intestinal epithelial bar-
rier structure.”>** These observations clearly demonstrat-
ed the contribution of urea-derived ammonia to the

pathogenesis of the leaky gut and systemic inflammation
in advanced CKD.*>%°

The present study revealed that despite massive genera-
tion of ammonia and its damaging effect on the gastrointes-
tinal epithelial barrier, baseline blood ammonia in ESRD
patients maintained on hemodialysis and peritoneal dialysis
is comparable with that found in the control group. These
observations confirm the local production of ammonia
from hydrolysis of urea by the microbial flora in the oral,
and pharyngeal, cavities of uremic patients as the primary
cause of their elevated breath ammonia level. It was previ-
ously reported that the fall in blood urea level following
hemodialysis procedure correlates with a 10-fold drop in
breath ammonia level in ESRD patients.” Our study dem-
onstrates that in contrast to its effect on breath ammonia,
hemodialysis not only failed to lower blood ammonia but
instead significantly raised blood ammonia levels in almost
half of the subjects. The mechanisms underlying the
observed post-dialysis rise in blood ammonia in this popu-
lation are currently unknown. However, it may be in part
due to the acute change in acid-base status from mild aci-
dosis in which the ammonia is held as nonvolatile ammo-
nium (NH) to the normal or alkalotic states where it
exists partly in a volatile state (NH3). Indeed, we noted a
significant correlation between change in blood ammonia
and the magnitude of rise in blood bicarbonate level fol-
lowing hemodialysis procedure in our ESRD subjects.

A second possible mechanism is the potential contribu-
tion of acute reduction of hepatic perfusion in the setting
of ultrafiltration and decreased arterial pressures during
hemodialysis. This transient liver ischemia may limit its
ability to convert gut-derived ammonia to urea, thus rais-
ing systemic ammonia concentrations. This assumption is
supported by direct correlation between the extent of the
fall in MAP with the rise in posthemodialysis blood ammo-
nia levels in a subset of patients. Similarly, there was a
trend for lower nadir SBP in the patients that manifested a
rise in blood ammonia compared to those exhibiting a fall
in blood ammonia. The small sample sizes in our study
likely limited detection of statistical significance.
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In conclusion, the fall in blood urea concentration fol-
lowing hemodialysis is paradoxically accompanied by a
modest rise in blood ammonia in almost 50% of hemodi-
alysis subjects, contrasting the reported effect on breath
ammonia. The mechanism of the posthemodialysis rise in
blood ammonia is unknown and requires investigation.
The observed rise in blood ammonia level was directly
related to the rise in blood bicarbonate and with drop in
mean arterial pressure during hemodialysis treatments.

Manuscript received August 2016.
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