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Introduction

Bone health is heavily dependent on its environment, including 
the composition of the surrounding body fluid. Pathological 
changes such as those seen with metabolic acidosis (MA), which 
is characterized by reduced blood pH and bicarbonate (HCO3-
) content, have been shown to be detrimental to bone structure 
and function [1-4]. MA promotes decreased bone mineral density 
(BMD) and increased fractures risk that affect thousands of 
individuals in the US and millions of individuals globally each year 
[5,6] with enormous medical costs [7,8]. Concerns about the effect 
of acidosis on bone health are only growing due to the prevalence 
of acidic diets, the rising number of patients with chronic kidney 
disease and diabetes, and an aging population, all correlated 
with a lowered physiological pH [9-11]. Therefore, there is a  

 
significant need to understand the mechanisms of MA that induce 
compromised bone health. Two critical factors to fulfilling this 
need are:

i. Developing relevant animal models for research and 

ii. Understanding the dose and time dependence of bone’s 
response to acidosis. 

Previous animal models of MA have sought to induce the 
condition via clinically relevant [12] administration of a flat-dose 
of ammonium chloride (NH4Cl) model [13-21]. Although mouse 
studies were able to successfully induce acidosis in the short term 
(1-3 days), a lot of the acidosis maintenance was limited by day 
7 [18,20]. In addition, one study using a flat-dose model showed 
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no changes in bone [20]. It has been unclear whether this lack of 
effect is caused by low dosage or limited experimental time. Our 
lab created a graded-dose murine model of NH4Cl in the drinking 
water in which the administered dose increased stepwise 
throughout the experimental course [22]. This model-maintained 
acidosis at 14 days and induced changes in bone composition 
and mechanics pointing to its value as a model to replicate bone 
phenotypes seen in clinical MA. Although valuable, the temporal 
effects of this graded dosing on murine bone composition, 
structure, and function have not been examined. 

Bone is a mineralized tissue that not only provides structural 
integrity and mobility to the body, but also acts as the body’s largest 
ion reservoir [1,23,24]. It is composed primarily of carbonate-
substituted calcium apatite, collagen, water, and cells [25,26]. 
Changes to the composition, structure, and organization of these 
components, known as bone quality, will significantly affect its 
mechanical function [27,28]. In the case of MA, the reduced blood 
pH and HCO3- levels prompt the dissolution of bone, thus releasing 
buffering ions to increase the pH back to homeostatic levels. In 
chronic MA, two primary processes of bone dissolution have been 
identified: short-term physiochemical dissolution, via interactions 
between protons and bone material, and long-term cell-mediated 
resorption, caused by acid-induced osteoclast differentiation and 
activity [22,29-41]. However, the temporal and dose-dependence 
of these mechanisms in vivo remains unknown. MA can either last 
for several hours to days up to many months and years in humans 
[42]. Therefore, it is important to use available murine models to 
try and understand the temporal contributions of physiochemical 
and cell-mediated processes on acidosis-induced bone quality 
degradation. 

In this study, we compare the effects of both the flat-dose 
and graded-dose models of NH4Cl administration on bone quality 
and mechanics in CD-1 mice. We use a multi-modal approach to 
measure spatial changes in bone composition and structure and 
their consequences on the tissue mechanics as a function of time 
up to 14 days. This study seeks to validate current murine models 
of MA as well as establish dose and time dependent consequences 
of MA on bone quality and function. These results are important 
not only for those studying acidosis, but also for research into 
other conditions such as hypertension [43,44], pancreatitis [45], 
and chronic kidney disease [46] in which acidosis may appear as 
a comorbidity. 

Materials and Methods

 Induction of Metabolic Acidosis

All animal experimental procedures were approved by the 
Institutional Animal Care and Use Committee at UConn Health 
Center and Columbia University and comply with the National 
Institutes of Health guide for the care and use of laboratory 
animals (NIH Publications No. 8023, revised 1978). 4-6-month-old 

male CD-1 mice (Charles River Laboratories, Worcester, MA) were 
separated into 4 groups: flat-dose and graded and their respective 
controls. Within the flat-dose and graded-dose groups, the mice 
were further divided into separate time points representing the 
time of sacrifice after acidosis induction: day 1, day 7, and day 14 
for flat-dose with an additional day 3 for graded-dose. Control 
mice were housed in adjoining cages and had no changes in diet 
for the extent of the experiment. Our previous studies showed 
that control mice exhibited no changes over the course of 14 days; 
therefore, they were sacrificed throughout the experiment but 
not necessarily on days equivalent to Days 1, 3, 7, and 14 [22]. 
Metabolic acidosis was induced in flat-dose and graded-dose 
mice by replacing their drinking water with an aqueous solution 
of ammonium chloride (NH4Cl) and 5% sucrose. For the flat-dose 
group, the NH4Cl dose remained constant at 0.28 M for 14 days 
as per Nowik et al. [13]. For the graded-dose group, the NH4Cl 
dosing began at 0.2M and was increased by 0.1 M every 3 days 
for 14 days as per our previously established graded model [22]. 
Water consumption and weights were measured every 3 days for 
the graded-dose mice. To evaluate the temporal effects of acidosis 
on bone, the mice were sacrificed at their assigned time point via 
CO2 asphyxiation, which was followed by femur collection. The 
femurs were characterized by (1) mechanical, (2) structural, (3) 
compositional, and (4) cellular properties (Figure S1). 

Blood and urine chemistries and assessment of acidosis

Confirmation of acidosis induction and evaluation of mouse 
health was determined by blood analysis for both groups with 
additional urine analysis for the graded-dose mice. For all mice, 
blood gas testing was performed on the day of sacrifice immediately 
prior to sacrifice. For blood chemistries, 200-300 μL of blood 
was extracted from non-anesthetized mice via submandibular 
puncture procedures [47]. To control any potential reduction of 
CO2, blood samples were obtained and immediately processed 
using a Heska PoC Epoc blood-gas analyzer (Loveland, CO, USA) to 
obtain values of blood pH, partial pressure of O2, partial pressure 
of CO2, as well as ion concentrations of HCO3-, calcium, sodium, 
and chloride along with metabolic indices including lactate and 
glucose. Urine pH was measured for the graded-dose group only 
using colorimetric pH strips with a 0.5 pH unit resolution (Hydrion, 
Brooklyn, NY) starting on the day of acidosis induction (day 0) 
and every 3 days thereafter for the duration of the experimental 
timeframe. 

 Assessment of bone tissue composition

Raman spectroscopy was used to evaluate the composition 
of both the femoral surface and interior using a Witec alpha 
300 Raman Spectrometer (Witec, Ulm, Germany). Samples were 
obtained and processed as previously described (n=3 mice/time 
point) [22]. For the external surface measurements, the anterior 
surface of intact femurs was cleaned of all soft tissue, including 
the periosteum, by manual clearance of tissue with a scalpel blade 
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and buffing with fine grained sandpaper. Five measurements were 
then taken across the bone in a medial-lateral direction with a 
50X objective at each of three locations along the bone: proximal, 
distal, and mid-shaft, using a 785 nm laser with a laser power of 
65mW or less, and an acquisition time of 2 x 30 seconds. After 
the surface measurements, the bones were mounted in Optimal 
Cutting Temperature (OCT) medium and frozen at -80°C. The 
bones were then cryosectioned along the coronal plane into 20 
μm thick frozen sections using the tape method for mineralized 
tissues [48]. For the internal samples, six measurements on 
the cortical bone interior were made at each of three locations: 
midshaft, proximal, and distal, where the latter two were located 
~2 mm above and below the midshaft location. Acquisition 
parameters were consistent with the surface measurements. The 

spectra collected at each location were cropped to 200-1800 cm-1, 
background corrected, and averaged into a single spectrum using 
Witec Project 5.1. Peak fitting was performed using 8 peaks and 
assuming a Lorentzian shape function in the Witec Program 5.1 
integrated fitting software (Figure S2). The resultant areas of the 
fitted peaks were used to calculate bone composition values. The 
ratio of the 960 Δcm-1 ν1 phosphate in apatite peak and the 1003 
Δcm-1 phenylalanine collagen peaks were used to determine the 
mineral: matrix ratio. The bone carbonate content is defined as 
the area ratio of the 1070 Δcm-1 carbonate in apatite peak and 
the 960 Δcm-1 ν1 phosphate (PO4) in apatite peak, known as the 
carbonate: phosphate (CO3:PO4) ratio. In addition, we fitted peak 
ratios for CH2 wag and amide I (Table S1). 

Figure 1: Graded dosing of ammonium chloride creates a time-dependent expression of chronic metabolic acidosis in mice. (A) A schematic 
illustrating the experimental design for graded dosing as well as urine and blood collection. For each timepoint, blood collected was 
analysed for (B) pH, (C) bicarbonate (HCO3-), (D) calcium (Ca2+), (E) sodium (Na+), and (F) chlorine (Cl-). (G) A schematic showing the 
effects of an ammonium chloride (NH4Cl) liquid diet has on the vascular and skeletal systems. One-way ANOVAs and post-hoc Tukey’s tests 
were used. P values less than or equal to 0.1 are reported.
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Figure 2: Interior composition of murine bone exposed to acid experienced a reduction in carbonate (CO3) and an increase in collagen 
denaturation at early timepoints. (A) A schematic showing where spectra were taken on sectioned bone slices, as indicated by the red dots. 
(B) Raman spectra were then used to calculate (C) 1450 peak width, (D) carbonate: phosphate ratio (CO3:PO4), (E) mineral:matrix, (F) 
1670/1604 ratio, and (G) 960 peak width. One-way ANOVAs and post-hoc Tukey’s tests were used. P values less than or equal to 0.1 are 
reported.
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Evaluation of whole-bone mechanics

3-point bend tests were used to evaluate the mechanical 
properties of the femurs. Samples were obtained and processed 
as previously described [22] (n=10-15 mice/time point). 
Femurs were placed into a Biomomentum Mach-1 3-point bend 
Mechanical testing rig (Biomomentum, Laval, Canada) with the 
posterior side facing up to induce fracture on the anterior side. 
The span across the beams was 8 mm and the femurs were 
loaded at a rate of 0.1 mm/s until failure using a 25 kg load cell. 
Samples were immersed in phosphate buffered saline maintained 
at body temperature (37oC) throughout testing to replicate 
in vivo conditions and maintain hydration. Applied force was 
recorded from the load cell and platen displacement was used as 
a measure of sample displacement. Measurements of bone cross-
section, moment of inertia, and centroid distance were measured 
using microcomputed tomography (μCT) as described in the 
next section. Load vs. displacement curves were analyzed using 
custom programs in MATLAB to determine structural mechanical 
properties, such as stiffness, maximum load, and work to fracture. 
Stress vs. strain curves were calculated by normalizing the force 
and displacement using the beam span length, the bone centroid 
distance, and the area moment of inertia. Material mechanical 
properties were calculated from these plots to obtain modulus, 
maximum stress, resilience, and toughness. 

Structural analysis using microcomputed tomography

After mechanical testing, the femoral samples were evaluated 
by microcomputed tomography (μCT) to obtain structural 
information for the region of fracture, the cortical midshaft, and 
the distal trabecular bone. Samples (n=7-15 mice/time point) 
were obtained and processed as previously described [22]. Bones 
were dehydrated using graded ethanol rinses and then imaged 
with a Scanco 40 μCT system (μCT 40, Scanco Medical, Bruttisellen, 
Switzerland) located in the UConn Health MicroCT Imaging 
Facility using a resolution of 16 μm. For the fracture region, 
scans were collected over a region spanning +/-2 mm around the 
fracture site. From these scans, the 30 μCT sections immediately 
adjacent to either side of the fracture site were isolated and 
analyzed using the BoneJ toolbox of ImageJ [49] (U. S. National 
Institutes of Health, Bethesda, Maryland, USA) to determine 
centroid distance and area moment of inertia of the bone at the 
fracture site. The values for femur centroid distance and area 
moment of inertia were used to normalize the mechanical data as 
described above. The trabecular parameters were measured from 
μCT slices at the distal epiphysis of the femur distal to the growth 
plate and within the distal shaft in a region 160 μm proximal 
from the distal growth plate. This region of interest was selected, 
thresholded, and analyzed using Bruker CTAn software to obtain 
bone volume/total volume (BV/TV), trabecular separation (Tb.
Sp), trabecular thickness (Tb.Th), and trabecular number (Tb.N). 
For cortical thickness (Ct.Th), the region of interest was composed 
of 100 slices located ~1 mm above the distal growth plate and was 

isolated and analyzed using Bruker CTAn software. The cortical 
and trabecular segmentation procedures included thresholding, 
despeckling, ROI shrink-wrapping, and morphological operations. 
Some samples that underwent mechanical testing were omitted 
from μCT analysis either due to trabecular bone breakage within 
in the distal epiphysis, the presence of a crack in the region of 
interest for the cortical bone, or the sample was used for another 
analysis technique. 

Bone dynamic histomorphometry

Five mice per experimental group received intraperitoneal 
injections of calcein (2.5mg/mL) and alizarin complexone (3mg/
mL) 7 and 2 days before sacrifice, respectively (Sigma-Aldrich, 
St. Louis, MO). Because of this necessary time delay between 
injections, dynamic histomorphometry was not performed on 
mice from the day 1 or day 3 time point. These fluorescent dyes 
attach to the mineralizing bone surface thus acting as markers for 
bone remodeling or deposition occurring between injection dates 
[22,48]. At the time of sacrifice, the femurs were immediately 
excised and fixed in 4% paraformaldehyde (PFA) followed by 
sucrose fixation. Samples were then mounted in OCT, frozen 
at -80oC, and cryosectioned into 7 μm thick sections along the 
coronal plane using a Leica CM3050-S cryostat. The sections 
were analyzed using the OsteoMeasure (OsteoMetrics, Atlanta, 
GA, USA) image analysis system to determine the double label 
surface (dLS), single label surface (sLS), Mineral Apposition Rate 
(MAR) and Bone Formation Rate (BFR). Due to animal loss and 
sample loss during processing, the sample sizes for this technique 
decreased to about a n=2-3 mice/time point.

 

 Tartrate-resistant acid phosphatase (TRAP) staining

Traditional non-fluorescent TRAP histological staining was 
also performed on femurs (n=4-16 mice/time point). The femurs 
were dissected immediately after sacrifice and fixed in 4% PFA at 
4oC for 24 hours, followed by dehydration using graded ethanol 
rinses. The femurs underwent demineralization using EDTA 
prior to traditional tartrate resistant acid phosphatase (TRAP) 
staining and methyl green counterstaining (Sigma) as described 
previously [22]. TRAP+ cells in trabecular bone were analyzed 
using the OsteoMeasure (OsteoMetrics, Atlanta, GA, USA) image 
analysis system to obtain osteoclast (Oc.N) number and osteoclast 
(Oc.S) surface relative to measurements of bone surface (BS) [44]. 
Due to animal loss and sample loss during processing, the sample 
sizes for this technique decreased from the original n=10-16 
mice/time point.

Statistical analysis

For quantitative outcomes, statistical analysis was done by 
using one-way ANOVAs with the use of Minitab and GraphPad 
Prism version 9.2.0 software. A significance level of at least 0.05 
was used for all tests. Comparisons between groups over time 
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were made using one-way ANOVAs and post-hoc Tukey’s tests. 
GraphPad Prism version 9.2.0 was used for data visualization of 
raw data with a selection of statistical summaries. P values less 
than or equal to 0.1 were reported on graphs, while significance 

was established as p<0.05. Correlations were calculated between 
blood gas, compositional, structural, and mechanical parameters 
to determine any linear relationships (Table S3). 

Figure 3: Mechanical properties recovered after 14 days of acidosis induction. (A) The set-up from 3-point bend testing for femoral samples. 
The red arrow indicates the direction of the top point during the test. (B) Stress vs. strain curves were used to calculate various mechanical 
parameters, including (C) maximum load, (2) modulus, (E) toughness, and (F) resilience. One-way ANOVAs and post-hoc Tukey’s tests 
were used. P values less than or equal to 0.1 are reported. 

Results

Blood gas ion analysis showed diets induced different 
durations of MA 

The progression of the acid-base dysregulation with either 
flat-dosing or graded-dosing of NH4Cl was determined by 
monitoring altered blood-gas values over the course of two weeks 

(Figure 1, S3, S4). Mice on the graded-dose diet regimen (Figure 
1A) exhibited significantly reduced blood HCO3- and pH at late 
time points (days 7 and 14) compared to its control, indicating 
that long term acidosis was successfully induced. At day 1, 
HCO3- levels were also reduced to 14.17 mmol/L compared to a 
control level of 19.75 mmol/L; however, there was only a trending 
decrease in the blood pH (Figure 1B-C). This is followed by a 
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return to baseline levels for both pH and HCO3- at day 3 (Figure 
1C). There was a strong correlation between the blood pH and the 
HCO3- level (C=0.88).

The flat-dose mice group exhibited a significant decrease in 
pH after 1 day of NH4Cl-dosing compared to its control (Figure 
S3A). However, following day 1 of acidemia, the pH returned and 
was maintained at levels similar to the control throughout the 
remaining experiment. The flat-dose group showed no change in 
blood HCO3- levels compared to its control (10.82 mmol/L) at any 
time point, but HCO3- levels increased to 12.29 mmol/L and 11.92 
mmol/L for days 7 and 14 compared to day 1 (7.431 mmol/L) 
(Figure S3B). 

Blood ion levels were also modified in response to the dosing 
and duration of NH4Cl administration. Blood calcium (Ca2) 
and sodium (Na+) were monitored as elevations in these ions 
are associated with changes in skeletal tissue [50,51]. In the 
graded-dose group, Ca2+ and Na+ levels significantly rose at all 
time points except day 3 (Figure 1D-E). The flat-dose group had 
significant increases in blood Ca2+ at days 1 (1.226 mmol/L) and 
14 (1.203 mmol/L), with a return to normal levels at day 7 (1.148 
mmol/L), compared to the control (1.099 mmol/L) (Figure S3C). 
Additionally, Na+ increased at days 1 (153 mmol/L) and 7 (151.7 
mmol/L) compared to its control group (148.7 mmol/L).

To establish consumption of ammonium chloride (NH4Cl) 
and its effect on the health of the animals, we also evaluated the 
chlorine (Cl-) concentration in the blood in addition to murine 
weight and the volume of liquid consumed by the mice during 
standardized water changes. As anticipated with ammonium 
chloride supplementation, blood Cl- levels were significantly 
increased for all time points compared to the controls for both 
flat (119.8 mmol/L to 124.2 mmol/L) and graded-dose (114.6 
mmol/L to 130.1 mmol/L) groups (Figure S3E & 1F). The graded-
dose mice also began to significantly lose weight starting on day 
12 (38.82 g) compared to day 0 (42.78 g) and drank less liquid at 
higher concentrations of ammonium chloride (4.852 mL at 0.6M 
compared to 8.574 mL at 0.2M) (Figure S5A-B). However, weight 
loss was not large enough to perturb quality of life nor justify 
sacrifice due to poor health. The progression of the acid-base 
imbalance was also assessed by urine pH measurements. Urine 
pH of the graded-dose mice remained significantly low at all time 
points (pH 5.912 by day 14) compared to its control and day 0 
groups (pH 6.895 and 6.793, respectively) (Figure S5C)

 Assessment of internal and external bone tissue 
composition in response to acid-loading 

Raman spectroscopy was used to assess compositional 
changes on the exterior surface (Figure S7A) and internal cross-
sections (Figure 2A) of bone tissue. In the graded-dose group, we 
observed that systemic acid-loading significantly altered bone 
tissue composition. For the bone interior, the CO3:PO4 ratio and 
960 cm-1 peak width lowered at days 1 and 3 while the 1450 

cm-1 peak width rose at these same time points (Figure 2C, D & 
G). These indicate a decrease in bone carbonate content [52], an 
increase in bone mineral crystallinity [53, 54], and an increase 
in collagen structural disorder [53], respectively. In addition, the 
mineral: matrix ratio significantly decreased at days 1, 3, and 
14 (Figure 2E). For the bone exterior, CO3:PO4 decreased, and 
the 1670/1640 ratio—a collagen denaturation marker [55]—
increased at day 14 compared to control but showed no change in 
the mineral:matrix ratio at any time point (Figure S7). The bone 
interior for the flat-dose model exhibited a significant decrease in 
CO3:PO4 and a trending decrease in the mineral:matrix ratio at day 
1 compared to the control, followed by a return to control levels 
at days 7 and 14 (Figure S6B-C). However, these results were not 
mirrored on the bone exterior where the only significant changes 
were a decrease in the width of the 1450 cm-1 peak at day 1 and 
a trending increase in CO3:PO4 at day 14 compared to control 
(Figure S6F-G). This model exhibited no changes internally and 
externally for the 1670/1640 ratio nor with the 960 cm-1 peak 
width (Figure S6I-J).

 Administration of NH4Cl influences whole bone femur 
mechanics

Three-point bending of the femur (Figure 3A-B) was used to 
evaluate whether acid-loading influences whole bone mechanics. 
In the graded-dose group, toughness increased from day 1 (5.264 
MPa) today 14 (7.060 MPa) (Figure 3E). Additionally, resilience 
increased from days 1 and 14 and between days 3 and 14 in the 
graded-dose group (Figure 3F). The other structural and material 
mechanical properties, such as maximum load and modulus, were 
not altered in this model (Figure 3C-D). The flat-dose group did 
not exhibit any changes in material, such modulus, nor structural, 
such as maximum load, mechanical properties at any time point 
evaluated compared to its control group (Figure S8).

 Structural analysis revealed early changes in trabecular 
bone

μCT was employed to examine acid-dosing effects on the 
structure and geometry of the trabecular bone in the femoral 
epiphysis (Figure 4A) and distal shaft (Figure 4D) as well as the 
midshaft cortical bone (Figure 4G). Bone parameters were altered 
in response to gradation and duration of acid-loading in the 
trabecular bone. The graded-dose diet altered the bone structure. 
The femurs exhibited a trending decrease in epiphyseal trabecular 
bone volume (BV/TV) for day 1 compared to its control (Figure 
4C). The Tb.N significantly decreased at day 3 in the graded-dose 
group (Figure 4C). Neither the diaphyseal trabecular bone nor the 
cortical indices showed no measurable changes in the graded-dose 
model of MA. The flat-dose group did not exhibit any significant 
changes in the cortical or epiphyseal trabecular structural metrics 
at any time point (Figure S9). However, the distal shaft increased 
in bone volume (BV/TV) and trabecular number (Tb.N) as well as 
decreased in trabecular separation (Tb.Sp) at the early timepoints 
compared to its respective control group (Figure S9D).
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Figure 4: Slight reduction in trabecular bone in condyles of early acid-exposed bone. (A) A schematic showing the Region of Interest 
(ROI) of trabecular analysis inside the condyles. (B) Images of condyles. (C) Distal condyle trabecular bone parameters calculated during 
analysis. (D) A schematic showing the ROI of trabecular analysis within the distal shaft. (E) Images of distal shaft. (F) Distal shaft trabecular 
bone parameters calculated during analysis. (G) A schematic showing the ROI of cortical analysis in the shaft. (H) Images of shaft. (I) Shaft 
cortical bone parameters calculated during analysis. One-way ANOVAs and post-hoc Tukey’s tests were used. P values less than or equal 
to 0.1 are reported. 

 Lack of cellular bone resorption in ammonium chloride 
MA models 

Mineral apposition and erosion were determined by bone 
calcein/alizarin dynamic histomorphometry (Figure 5A). For 

all femurs, the single labeled surfaces, double labeled surfaces, 
mineral apposition rate, and bone formation rate did not 
significantly change compared to their respective controls 
(Figsure 5B-E & S10A-D). We also assessed how the dosing and 
duration of NH4Cl administration influenced femur osteoclast 
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(OC) activity by traditional TRAP histological staining and 
quantification of TRAP+-area and cells (Figure 5F). However, the 
TRAP-surface, cell number, or eroded surface in the femur did not 

significantly change for the flat-dose nor the graded-dose groups 
(Figure 5G-J & S10E-H). 

Figure 5: Slight reduction in trabecular bone in condyles of early acid-exposed bone. (A) A schematic showing the Region of Interest 
(ROI) of trabecular analysis inside the condyles. (B) Images of condyles. (C) Distal condyle trabecular bone parameters calculated during 
analysis. (D) A schematic showing the ROI of trabecular analysis within the distal shaft. (E) Images of distal shaft. (F) Distal shaft trabecular 
bone parameters calculated during analysis. (G) A schematic showing the ROI of cortical analysis in the shaft. (H) Images of shaft. (I) Shaft 
cortical bone parameters calculated during analysis. One-way ANOVAs and post-hoc Tukey’s tests were used. P values less than or equal 
to 0.1 are reported. 
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Discussion 

Clinically, metabolic acidosis is characterized by a decrease in 
serum pH and HCO3-, which can cause bone dissolution and lead to 
reduced BMD and increased rates of fracture [1-4]. With increased 
incidence of acidosis, it is becoming essential to understand the 
process by which acidosis induces bone damage in vivo. Current 
murine models of MA center on the either flat-dose or graded-
dose administration of NH4Cl via the drinking water [13,20,22]. 
However, the dose and time dependence of these models on bone 
quality remain unclear. Acidosis-induced changes in bone appear 
to be caused by either physiochemical or cell-mediated processes, 
but the relative effects of these processes on bone quality and 
function as a function of time are unknown. Here we apply a multi-
technique approach to understanding the temporal consequences 
of acidosis on bone quality and function in both the flat-dose and 
graded-dose MA models.

 Dosing regimen of acid-loading is critical for long-term 
MA induction

The ability of the flat-dose and graded-dose murine models 
of MA to induce and maintain acidosis up to 14 weeks was 
determined using blood and urine measures. The graded-
dose model maintained the decreased blood pH out to days 7 
and 14. This onset of acidemia, define as reduce blood pH, was 
accompanied by a concurrent decrease in HCO3- at days 1, 7, 
and 14, indicating that the model can induce chronic metabolic 
acidosis in CD-1 male adult mice up to 14 days. This more closely 
mimics clinical MA in humans [56,57] and supports the relevance 
of the graded-dose model [22]. For the flat-dose model, in which 
0.28 M NH4Cl was continuously administered [13,18,20], we 
found that blood pH only decreased at day 1 and HCO3- levels 
were unaffected compared to controls. This indicates that the flat-
dose model in CD-1 mice was unable to induce acidosis and that 
only acidemia, reduction in blood pH by not HCO3-, was induced at 
day 1. Other studies have similarly shown an inability to maintain 
murine MA beyond a few days using a flat-dose model [18], but 
not to the same extent as we see here. This discrepancy may result 
from the different mouse strains used in this study (CD-1) and 
others (C57Bl/6J). Overall, these results indicate that the graded-
dose model is appropriate as a long-term model of MA in CD-1 
male adult mice, while the flat-dose model fails to induce acidosis.

Interestingly, with the inclusion of additional time points in 
the current study, we saw blood pH and HCO3- return to baseline 
levels at day 3 in the graded-dose model, despite the decrease on 
days 1, 7, and 14. Although this result was unexpected, patients 
with chronic kidney disease and concomitant MA commonly 
experience eubicarbonatemic metabolic acidosis (EMA), where 
their blood pH and HCO3- levels are normal but they exhibit 
ongoing H+ ion retention [50,58,59]. To determine whether the 
graded-dose mice exhibit EMA or if this return to baseline at day 
3 is caused by other variables, we assessed consumption and 

urine-based factors. We found that consumption volume of the 
drinking water remained constant for the NH4Cl doses during 
this time period (0.2 and 0.3 M). This, in addition to the elevated 
blood Cl- levels, indicates that changes in NH4Cl intake were 
not the reason for the lack of acidosis on day 3. Urine pH of the 
graded-dose mice remained acidic and unchanged throughout 
the 14 days compared to the control. This suggests that acid-
wasting via urinary excretion was unaltered and thus fails to 
explain the day 3 blood gas results [60]. Having excluded NH4Cl 
consumption and acid wasting as possible factors, the pH and 
HCO3- increase at day 3 points to the development of EMA due 
to activation of compensatory buffering mechanisms. We predict 
that these mechanisms center on dissolution of bone tissue and 
release of buffering ions, temporarily restoring blood pH and 
HCO3- to normal values [59-62]. The increasing doses of NH4Cl in 
the graded-dose model past day 3 overcome this compensatory 
response, allowing for continued clinical MA at longer time points. 
Overall, we demonstrated that the graded-dose model is more 
effective in exhibiting clinically translatable MA symptoms than 
the flat-dose model in CD-1 male mice and that there are strong 
temporal responses to acidosis. 

 Chronic acidosis significantly affects bone matrix 
composition and structure 

Having established that the models induce time-dependent 
acidemia or acidosis and that these conditions may be inhibited 
by compensatory mechanisms, we were interested in examining 
the effect of each model on bone dissolution and thus buffering 
ion release. Both the flat-dose and graded-dose models exhibited 
an increase in blood Ca2+ and Na+ ions with an NH4Cl challenge. 
The stronger correlation between blood pH and Ca2+ (C=-0.41) as 
compared to HCO3- and Ca2+ (C=-0.28) suggests that the calcium 
release is primarily being controlled by changes in pH. Increased 
blood Ca2+ and Na+ levels are used as indicators of bone dissolution 
[50,51], this points to reduced pH promoting bone dissolution. 
Examination of the effect of possible acid-induced dissolution 
on the bone was performed using a multi-technique approach to 
characterize structural and compositional modifications to the 
flat-dose and graded-dose murine bones. 

Modifications in bone composition are commonly observed 
in acidic microenvironments, spanning acidic cancerous 
environments to biomineral exposure to acidic media [63,64]. 
Femurs from the graded-dose model exhibited significant 
compositional changes at early time points. The mineral: matrix 
ratio decreased in the interior of the femurs at nearly all time 
points, suggesting rapid onset of mineral dissolution upon 
induction of MA. There was a negative correlation (C=-0.15) 
between the interior and exterior mineral matrix that could 
suggest a preferential dissolution of the interior over the exterior 
bone. This reduction in mineral content is also accompanied by 
an early decrease in the CO3:PO4 ratio of the remaining mineral 
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at days 1 and 3. Acting as a strong buffer, carbonate removal from 
the bone mineral has been previously reported in vivo, ex vivo, 
and in vitro in response to acidic environments [22,36,63,65]. 
Interestingly, its removal is associated with a narrowing in the 
width of the 960cm-1 peak, indicating an increase in mineral 
crystallinity at days 1 and 3. A combination of decreased CO3

2- 
and increased crystallinity indicates physiochemical mineral 
dissolution/recrystallization [36,66,67]. In the case of increased 
remodeling, simultaneous decrease of both CO3

2- and crystallinity 
would be expected [68,69]. This suggests that the mineral loss seen 
at days 1 and 3 is likely caused by physiochemical dissolution and 
reprecipitation mechanisms. This improvement in bone mineral 
crystallinity at early timepoints will reduce its solubility, thus 
inhibiting further dissolution of bone mineral as well as possibly 
acting as a negative feedback loop to regulate bone mineral loss 
[70]. This early carbonate loss at days 1 and 3 may explain the 
elevated pH and HCO3- seen at day 3, while the subsequent return 
to acidic pH afterwards may be a consequence of reduced mineral 
solubility from day 3. In addition, the width of the 1450 cm-1 peaks 
significantly widened at days 1 and 3, which is associated with 
reduced atomic ordering of the CH2 bonds in the organic matrix. 
This suggests that the graded dosing causes degradation or 
denaturation of the organic matrix [71]. This process is reversed 
at later time points possibly due to increased fibrillogenesis in 
the presence of elevated Cl- ions [72,73]. Together, these results 
indicate that there are significant interactions between acidic 
body fluids and bone composition that vary with time and possibly 
act as a physiochemical feedback loop to inhibit excessive bone 
loss, providing a key factor in understanding the body’s ability to 
regulate acidosis. 

Structurally, the trabecular bone exhibited a trending decrease 
in BV/TV at day 1 and a significant decrease in Tb.N at day 3 
compared to the control, suggesting bone loss at the early time 
points. Although this rapid bone loss parallels the rapid decrease 
in mineral and increase in collagen denaturation seen in the 
Raman data, this can seem like an overly significant result for such 
a short time span. However, rapid bone loss is not uncommon, as 
seen in animal studies looking at the effects of radiation [74], 
COVID-19 [75], and spinal cord injuries [76] on bone. In addition, 
due to the high permeability of bone and high dissolution rate of 
bone minerals it is possible that these physiochemical processes 
act quickly [77,78]. Contrarily, the diaphyseal trabecular bone did 
not show any changes. The epiphyseal results were like studies 
looking at acidosis in rats via NH4Cl administration, where bone 
resorption was higher in the epiphysis than the diaphysis of the 
tibia [79]. However, our results were also different compared 
to studies done in ovariectomized rats, which found decreased 
trabecular bone within the metaphysis and a lack of change within 
the epiphysis [80,81]. The mechanistically different remodeling 
behaviors present within the epiphysis and diaphysis between 
our present study and other studies might be due to the trabecular 
structural differences between rats and mice as well sex-based 

differences (female vs. male) [82]. 

In the flat-dose bones, we found that the CO3:PO4 ratio decreased 
in the bone interior at day 1 suggesting a decrease in carbonate 
content in response to the acidemia which was recovered once the 
pH returned to baseline. Structurally, the diaphyseal trabecular 
parameters BV/TV and Tb.N increased at day 7, indicating that 
bone growth occurred even with acid exposure. Taken together, 
this data suggests that the short-term acidemia induced by the 
flat-dose model was not sufficient to cause any major bone loss 
or compositional changes compared to controls. The lack of tissue 
loss during this time suggests that remodeling processes may 
not have been impaired due to acidosis. In comparison, the lack 
of bone growth in the graded-dose group points to acid-exposure 
potentially deterring bone formation. These results further iterate 
that the graded-dose regimen mimics altered bone phenotypes 
seen in clinical metabolic acidosis while the flat-dose model is not 
sufficient to mimic long-term MA. In addition, there is a temporal 
response to the acid induction with physiochemical processes 
that have rapid effects on bone composition and structure. 

 Early changes in bone structure and composition 
during MA are not cell-mediated 

Although structural and compositional data point to primarily 
physiochemical processes, it was important to address both 
physiochemical dissolution and the possible cell-mediated 
resorption [35]. Cellularly, in vitro studies have shown that acidic 
media leads to increased osteoclastogenesis as well as osteoclast 
activity [30-32,83,84]. This has also been seen in certain in vivo 
experiments [14]. However, our previous work using the graded-
dose model showed a decrease in osteoclast numbers after 14 
days of acidosis compared to controls, potentially due to an 
increase in blood HCO3- levels [22]. Thus, cellular characterization 
was performed to understand the role that cellular activity may 
play in the measured compositional and structural changes as a 
function of time. 

As osteoclasts are the primary cells responsible for resorption, 
we focused on examining the temporal effects of MA on the 
number and activity of TRAP+-cells. Histologically, we did not see 
any significant change in osteoclast numbers at any time points 
via TRAP staining in either the flat-dose or the graded-dose model 
in agreement with Meghji et al. [32] who observed no change in 
osteoclast number but a marked increase in their activity. However, 
neither model in this study exhibited an increase in osteoclast 
activity, as illustrated by the lack of change in eroded surface. This 
lack of osteoclast response may be due to an insufficient change 
in pH to promote differentiation or activation. Previous studies 
showing an increase in osteoclast number and activity, had 
significantly larger reductions in pH than those measured in this 
study, some reaching a pH of 6.8 [29,32]. In addition, 14 days may 
not be sufficient to measure significant osteoclast activation and 
longer timepoints should be investigated. 
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To further clarify the role that cellular remodeling might play 
on the structural and compositional response of bone to MA, we 
performed dynamic histomorphometry on the samples. Despite 
the small sample numbers, looking at single labeled surface, 
double labeled surface, mineral apposition rate (MAR), and bone 
formation rate (BFR/BS), the flat-dose and graded-dose groups 
showed no changes at any time points. This agrees with the lack 
of change in diaphyseal trabecular bone, especially in the graded-
dose model. However, the lack of remodeling presented by the 
dynamic histomorphometry data suggests that there was no 
significant cellular contribution to the MA response of bones in 
either the flat-dose or graded-dose models. This was expected 
since we saw no changes in TRAP+-cell number or activity. Due 
to the lack of bone formation after apparent bone loss indicated 
by Tb.N and BV/TV as well as bone dissolution of Ca2+, Na+, and 
HCO3-, this further suggests that changes in the bone are likely 
dominated by physiochemical processes at early timepoints of 
acidosis. 

 Bone toughness is slightly altered with acidosis  

Three-point bend testing of the graded-dose bones showed 
no differences in any mechanical parameters compared to 
control. However, resilience and toughness significantly increase 
between days 1 and 3 and day 14. This difference between early 
and late acidosis time points suggests that acidosis may cause an 
initial decrease in the tissue toughness/resilience followed by an 
increase at 14 days. Due to the positioning of the bone in 3-point 
bend, such that the crack propagates through the structurally 
unchanged cortical mid-shaft, we do not expect that these changes 
in mechanics are caused by macro-scale structural modifications 
but by compositional and small-scale structural changes instead. 
The change in toughness is most significantly correlated to 
the measure of collagen disorder on the bone exterior (1450 
width C=0.42). Such changes in collagen order or structure 
have been associated with decreased tissue toughness [52,55]. 
The mechanical changes between days 1 and 14 are mirrored 
by increased carbonate content and decreased crystallinity at 
the bone surface as shown by the increase in CO3:PO4 and 960 
peak widths between the two timepoints. These compositional 
changes point to an initial stiffening of the apatite crystals at early 
timepoints followed by an increase in crystal compliance at day 
14 [37]. 

Stiffening of the mineral reinforcing phase at early timepoints 
could result in decreased tissue toughness seen here due to 
reduced crack deflection and increased reinforcement cracking 
[85,86]. This suggests that the tissue toughness is primarily 
controlled by the quality of the collagen and mineral on the bone 
surface. Indeed, it is expected during 3pt bending that a crack will 
form on the tensile surface of the cortical bone. If the collagen 
at that bone surface exhibits a more disordered and less plastic 
organic matrix along with a stiffened mineral reinforcement, 

crack propagation would be facilitated, and toughness reduced. 
The decrease in tissue toughness in response to changes in bone 
composition after an acidic challenge may explain the clinically 
observed increased fracture risk in patients with acidosis [87]. 

Beyond the change in toughness, we saw no changes in tissue 
strength or stiffness, which disagrees with our previous work that 
found a decrease in bone maximum load [22]. The decrease in 
maximum load in our previous study was caused by an associated 
decrease in the cortical bone geometry not paralleled here. As the 
current study was modified to be a time course study, we believe 
that the repeat in vivo blood draws in our initial study caused the 
acidosis induction to have a more significant effect on the murine 
metabolism, and the increase of blood loss led to the differing 
bone structure and subsequent change in mechanics reported 
in our prior study. By eliminating the repeated blood draws and 
significant blood loss in our current study, we expect that this 
study more clearly investigates the effect of acidosis on the skeletal 
system as observed in non-surgical procedures and minimizes 
the compounded influence of altered hematopoiesis [47]. 3-point 
bend testing indicated that flat-dose bones exhibited no change 
in mechanical properties at any time points. Overall, these results 
show that compositional changes induced by acidosis can induce 
significant time-dependent mechanical changes in the bone. 

Limitations

Although this study was able to determine the temporal effects 
of a flat and graded dosing NH4Cl regimens on the structural, 
compositional, and mechanical properties of murine bone, like all 
animal studies it has some limitations. First, due to the age and 
skeletal maturity of the mice and experimental time, we did not 
expect that there would be any changes in the bone properties in 
the control group over the course of the experiment. Therefore, a 
single control group was selected instead of providing a control 
group for every timepoint. Although the latter could have provided 
better comparisons between controls and acidosis, the number 
of mice needed to do so would have been prohibitive, especially 
considering the small, expected changes. 

Secondly, even though the blood pH and HCO3- remained 
low after 14 days of MA induction, the bones only experienced 
changes in the first three days. We propose that this could be 
caused by a compositional feedback loop but there could also 
be other participating factors. Although osteoblast activity has 
generally been shown to decrease with acidosis [29,33], no 
osteoblastic measurements were made here. However, dynamic 
histomorphometry showed no significant changes with acidosis 
suggesting that this may not be cellularly controlled. Despite this, 
further biological examinations, such as RNA-Seq, could provide 
an interesting broader understanding of the cellular response. 

In addition, in the graded dose model, the mice consumed 
lower volumes of the solutions as the concentration of the NH4Cl 
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increased. This limits the usefulness of the model at timepoints 
beyond 14 days where consumption may be too low to reasonably 
maintain mouse health. This could be overcome by either adding 
NH4Cl to food and drinking water or by switching to gavage feeding 
of NH4Cl. Lastly, the flat-dose and graded-dose models were 
performed at different times in different institutions. Controls 
are appropriate for each model type therefore we do not expect 
any issues within a single model. In addition, 4-6-month-old CD-1 
male mice from the same supplier were used for both models. 
However, differences in animal husbandry, sample preparation, 
and experimental design could have led to some of the differences 
seen between the flat dose and the graded dose models.  

 Conclusion 

This study shows that unlike the flat-dose model, graded 
administration of NH4Cl temporally affected the bone matrix 
composition and structure. At early time points, the bone exhibited 
a decrease in mineral content as well as compositional changes to 
the mineral, including decreased carbonate content and increased 
crystallinity. Concurrently, the collagen matrix exhibited a 
decrease in atomic order, suggesting a certain extent of collagen 
degradation. These time-dependent compositional changes were 
associated with alterations in tissue resilience and toughness 
that could lead to the increased fracture risk seen clinically. Thus, 
our study indicates that one must consider the temporal and 
dosage effects of exogenous acid on the material properties of 
bone. We believe our graded-dose model will help lead to a better 
understanding of the bone dissolution mechanisms of MA, and in 
the long-term, to the discovery of better treatments. 
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